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FOREWORD 


The  Seventh  Conference  on  Radio  Interference  Reduction  and 
Electronic  Compatibility  has  been  evidence  of  the  increasing  awareness  of 
the  need  for  increased  exchange  of  information  in  the  area  of  electromag¬ 
netic  interference  analysis  and  'r.~..-’'.rol.  More  than  550  attendees  were 
evidence  to  this  fact.  The  widespread  interest  was  attested  to  by  the 
joint  sponsorship  of  the  three  servi-.^'^s,  the  U.  S.  Army,  U,  S.  Navy,  and 
the  U.  S.  Air  Force. 

A  total  of  forty-four  technical  papers  were  presented  during  the 
three  days  of  the  conference,  together  with  an  informal  luncheon  address, 
and  forty-three  of  these  papers  are  included  in  this  volume. 

The  conference  committee  would  like  to  extend  its  thanks  to  the 
authors  and  speakers,  to  the  various  session  chairmen,  and  also  to  those 
who  attended  the  technical  sessions  for  their  part  in  making  this  conference 
the  most  successful  yet. 

Conference  Committee: 

S.  I.  Cohn,  Armour  Research  Foundation 
Commander  B.  D.  Inman,  U.  S.  Navy, 
Bureau  of  Ships 
B.  Lindeman.  RADC 

W.  J.  Magee,  Armour  Research  Foundation 
H.  M.  Sachs,  Armour  Research  Foundation 
H.  G.  Tobin,  Armour  Research  Foundation 
S.  Weitz,  USASRDL 


H.  M,  Sachs 

Armour  Research  Foundation 
Annapolis,  Maryland 

As  chairman  of  the  Seventh  Conference  on  Radio  Interference  Reduction 
and  Electronic  Compatibility,  I  would  like  to  take  this  opportunity  to  again  welcome 
you  to  Chicago,  and  to  the  campus  of  the  Illinois  Institute  of  Technology. 

The  implementation  of  this  conference  has  again  been  brought  about  through 
the  interest  and  generous  support  of  the  Army,  Navy,  and  Air  Force,  and  with  the 
cooperation  of  the  Professional  Group  on  Radio  Frequency  Interference  of  the 
Institute  of  Radio  Engineers.  This  year's  program  again  reflects  the  increasing 
concern  of  military,  government  and  industrial  agencies  over  problems  arising 
out  of  complex  electronic  equipment  operation  in  denser  and  denser  environments. 

During  the  thirteen  months  since  our  last  conference,  the  complexion  of 
existing  and  potential  additions  to  the  electromagnetic  spectrum  has  change- 
markedly.  Spread-spectrum  techniques  in  both  the  radar  and  communicatio,. 
fields  are  available,  Man  haa  orbited  the  earth,  and  with  this  fete  has  emphasized 
space  communication  requirements.  Effective  noise  temperatures  of  receiving 
equipment  continue  to  drop.  Advancements  in  multi -megawatt  power  generation 
has  Continued.  Project  "Needles"  and  other  space  experiments  are  opening  up 
new  concepts  for  spectral  usage. 

Many  more  such  advancements  could  be  listed.  From  the  viewpoint  of  the 
radio  frequency  interference  engineer,  most  of  them  point  c  p  potentially  serious 
compatibility  problems.  The  constraint  of  having  to  live,  from  practical  consideration 
within  a  finite  frequency  spectrum,  means  that  against  the  advantages  to  be  gained 
by  any  new  system  or  concept  must  be  -weighed  the  disadvantages  accrued  with  regard 


to  the  degradation  of  other  system  performance. 

Major  strides  have  been  made  during  the  past  year  to  analyze,  measure, 
predict,  and  reduce  the  effects  of  this  incompatibility  monster.  Notable  action 
has  been  spearheaded  by  the  Department  of  Defense's  RF  Compatibility  Program, 
Many  of  the  technical  papers  to  be  presented  during  the  next  three  days  represent 
some  of  the  outputs  of  the  program--the  progress  of  the  Analysis  Center  established 
in  Annapolis,  the  status  of  programs  to  obtain  spectrum  signature  data,  the  results 
of  support  programs  to  improve  interference  measurement  techniques,  develop 
specialized  instrumentation,  and  the  like. 

Other  efforts  will  also  be  highlighted  during  the  conference.  The  first 
detailed  presentation  of  the  Electromagnetic  Environment  Test  Facility  at  Ft. 
Huachuca,  Arizona,  will  be  given.  Government  and  commercial  investigations 
in  such  areas  as  antenna  analysis,  cable  coupling,  shielding  evaluation,  advanced 
system  performance  prediction,  etc. ,  will  be  presented.  I  believe  you  will  find 
the  overall  conference  program  very  comprehensive  and  informative,  and  keyed  to 
the  problems  facing  most  of  us  today. 

The  campus  facilities  we  have  available  with  regard  to  the  conference 
technical  sessions  and  luncheons  have  likewise  been  chosen  with  the  expanding 
conference  interest  in  mind. 

I  sincerely  hope  that  on  Thursday  afternoon  you  will  agree  with  me  that  the 
Seventh  R1  Conference  was  a  very  valuable  means  of  exchanging  technical  information 
dealing  with  electromagnetic  compatibility. 
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KEYNOTE  ADDRESS 


BY-PRODUCT  OF  THE  ELECTRONIC  REVOLUTION 

Brigadier  General  John  A.  McDavid 
Director,  Communications  -Electronics 
Joint  Chiefs  of  Staff 

It  is  a  personal  pleasure  to  appear  before  this  group  as  it  prepares  to 
continue  its  attack  on  one  of  the  most  insidious  by-products  of  what  can  pro¬ 
perly  be  called  the  "Electronic  Revolution"  --  radio  frequency  interference. 

I  hope  to  give  you  some  thoughts  to  tickle  your  gray  matter  at  the  inception  of 
your  conference. 

I  refer  to  the  "by-product"  as  insidious  because  of  the  deceptive  way 
in  which  it  has  come  to  plague  our  progress  toward  fulfillment  of  the  promise 
of  electronic  technology.  Since  Marconi  first  spanned  the  English  Channel, 
this  by-product  --  RFI  --  has  been  spinning  its  v/eb  in  near  secrecy  while  we 
have  concentrated  our  attention  on  building  more  and  better  electronic  mouse¬ 
traps;  in  other  words,  we  have  been  preoccupied  with  the  premium  that  has 
been  placed  on  the  extension  of  the  state  of  the  electronics  art  and  its  adaptation 
of  our  most  vital  resources  --  the  radio  frequency  spectrum  --  rather  than 
toward  efficiency  and  conservation. 

bince  the  end  of  World  Vi  -.r  11,  pressure  on  the  spectrum  has  increased 
at  a  rate  many  times  that  realized  in  expanding  the  efficiency  of  its  use.  In 
fact,  during  the  same  period  which  has  witnessed  a  mushrooming  growth  in 
demands  on  the  spectrum  there  has  been  an  incredible  lack  of  reduction  in  the 
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waste  of  this  vital  resource.  True,  the  capability  to  use  higher  frequencies  has 
greatly  increased  and  the  1959  International  Radio  Conference  extended  allocation 
control  to  40,000  Me,  But  you  know  as  well  as  I  do  that  usage  above  10,  000  Me 
is  still  extremely  limited. 

Meanwhile,  reliance  on  propagated  radio  energy  has  grown  by  leaps  and 
bounds.  Think  of  the  tremendous  growth  in  public  and  private  microwave  since 
the  installation  of  the  first  commercial  system  in  1948,  Think  of  the  expansion 
of  the  land  mobile  radio  service  --  originally  exclusive  to  police  operations,  it 
now  includes  just  about  every  service  activity,  public  and  private,  that  you  can 
name,  from  public  utilities  to  diaper  pick  up.  Today  there  are  close  to  one 
million  transmitters  in  the  United  States  in  this  service  alone.  It  is  estimated 
that  the  figure  will  triple  in  ten  years.  Consider  the  growth  hi  aircraft  radio 
requirements,  almost  all  of  which  has  occurred  since  World  War  II,  These 
are  just  a  few  examples  and  I  haven't  even  mentioned  the  phenomenal  growth  of 
military  dependence  on  radio. 

In  contrast  with  this  growth  in  demand,  the  efficiency  with  which  we  use 
the  spectrum  has  advanced  quite  slowly.  We  still  use  channel  widths  many  times 
as  wide  as  the  intelligence  we  transmit;  we  still  use  anteimas  that  spray  energy 
all  over  the  landscape  across  wide  frequency  ranges;  we  still  depend  on  tubes 
and  components  such  as  the  magnetron,  which  wander  aimlessly  through  large 
chunks  of  the  spectrum. 

I  do  not  imply  that  we  have  made  no  progress  in  the  matter  of  better  use 
of  the  spectrum.  There  have  been  numerous  advances  such  as  the  development 
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of  Single  Sideband,  more  efficient  antenna  systems  --in  terms  of  directivity 
and  the  suppression  of  spurious  and  harmonic  emissions  --  greater  frequency 
stability  in  many  applications,  and  significant  compression  of  the  intelligence  to 
bandwidth  ratio  in  some  instances.  It's  not  that  there  hasn't  been  improvement, 
it's  just  that  demands  are  growing  so  much  faster  than  improvements. 

However,  emphasis  on  this  aspect  of  electronics  is  growing  rapidly.  A 
serious  awareness  of  its  importance  has  developed,  some  of  which  has  assumed 
spectacular  proportions  as,  for  example,  the  Congressional  concern  and  intense 
national  interest  in  the  frequency  aspects  of  the  VHF/UHF  television  problem 
and  space  communications.  There  is  a  growing  and  healthy  realization  that  we 
are  faced  with  a  degree  of  necessity  that  will  no  longer  be  denied. 

You  are  all  aware  to  one  degree  or  another,  of  the  phenomenal  growth 
in  military  dependence  on  electronics.  After  all,  most  of  the  enterprises  which 
you  represent  have  been  directly  involved  in  that  expansion.  In  modern  warfare, 
the  compression  of  time  and  distance  has  become  the  common  denominator  of 
operation.  Greater  dependence  on  electronics  is  the  inevitable  result.  The  small 
geographical  area  occupied  by  a  field  army  on  today's  battlefield  contains  some 
60,000  emitters  of  radio  energy,  compared  with  the  approximately  16,000  present 
in  World  War  II.  A  guided  missile  cruiser  carries  nearly  IZOO  pieces  of  electronic 
equipment,  compared  to  less  than  300  on  a  World  War  II  ship  of  the  same  size.  A 
modern  interceptor  re<iuires  7,000  electron  tubes  and  transistors,  compared  to 
less  that  200  in  a  World  War  II  interceptor.  The  need  for  maintaining  operational 
control  of  high-speed  aircraft,  the  advent  of  guided  missiles  as  a  primary  means 
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of  armament,  prospects  for  the  use  of  satellites,  the  unprecedented  demand  for 
responsiveness  from  early  warning  systems,  and  many  other  similar  facts  and 
circumstances  maJse  realistic  and  determined  attention  to  the  problem  of  radio 
frequency  compatibility  among  all  these  uses  an  urgent  necessity  for  national 
defense. 

I  believe  it  is  safe  to  conclude  that  the  lack  of  motivation  in  this  area  is 
a  thing  of  the  past.  A  positive  effort  to  enhance  compatibility  is  now  a  reality. 

I  refer  specifically  to  what  has  been  named  the  Department  of  Defense 
Electromagnetic  Compatibility  Program.  The  name  isn't  important,  of  course. 

It  could  have  been  called  the  Program  for  the  Reduction  of  Radio  Interference  or 
some  other.  It  is  its  objective  that  counts. 

That  objective  is  straightforward  and  deceptively  simple:  to  ensure,  to 
the  maximum  practicable  extent,  that  military  electronic  systems  will  not  suffer 
operational  degradation  due  to  the  absence  of  appropriate  means  for  rejecting 
interference. 

The  first  step  in  implementing  an  objective  is  to  understand  it,  and,  as 
obvious  as  that  step  is,  I  can  assure  you  that  a  common  understanding  isn't  easy 
to  reach.  With  that  in  mind  I  will  endeavor  to  elaborate  the  objective  of  this  pro¬ 
gram  as  We  see  it. 

The  key  element  in  understanding  the  objective  and  approaching  it  with 
realism,  is  an  understanding  of  the  term  "degradation.  "  Degradation  is  relative 
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and  cannot  be  defined  in  simple  "one-two-three"  terms. 

multitude  of  variants  that  the  primary  factor  becomes  judgment.  In  the  sense 
intended  in  the  objective  of  the  Defense  Compatibility  Program,  "degradation" 
means  that  a  transmission  fails  to  serve  its  purpose. 

Marginal  circuits  are  not  at  all  uncommon  among  military  operation, 
particularly  in  the  field,  where  tolerable  levels  of  interference  are  considerably 
different  from  those  acceptable  in  commercial  practice.  But  a  large  amount  of 
intelligence  can  be  the  victim  of  the  narrow  margins  existing.  It  is  our  purpose 
to  minimise  that  loss.  Furthermore,  the  steady  growth  in  the  automation  of 
electronic  systems  is  constantly  lowering  the  threshold  of  operational  degra¬ 
dation. 


This  docs  not  mean,  however,  that  we  expect  to  achieve  perfection  in 
military  electronic  systems,  with  respect  to  either  the  interference  or  the 
degradation  that  results  therefrom. 

We  do  expect  the  maximum  practicable  improvement.  That  is  the  practi¬ 
cal  objective  of  the  Defense  Radio  Frequency  Compatibility  Program. 

The  effort  necessary  to  accomplish  this  objective  embaces  a  tremendous 
range  of  activity,  much  more  than  described  by  Richard  Haitch  in  hie  recent  fine 
article  in  the  Saturday  Evening  Post.  Mr.  Haitch  referred  to  the  program  as 

" . an  enormously  ambitious  attempt  to  'fingerprint'  every  type  of  electronic 

equipment  owned  by  the  military . and  to  analyze  these  (fingerprints)  for 

potential  interference  with  other  equipment." 
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Our  intentions  are  even  more  ambitious.  Increased  compatibility,  or 
reduced  interference,  among  existing  equipments  is  our  immediate  objective 
but  the  longer  range  objective  is  built-in  compatibility  for  equipment  which  hasn't 
yet  reached  the  drawing  board.  We  must  build  maximum  practicable  compatibility 
into  every  component,  every  black  box  and  every  system  we  engineer.  We  must 
ensure  that  these  equipments  and  sy.stems  are  accomodated  within  the  radio  fre¬ 
quency  spectriim  --  that  they  have  their  respective  places  in  the  sun  --in  terms 
of  the  operational  electromagnetic  environment  they  will  encounter.  Only  by  the 
accomplishment  of  this  entire  spectrum  of  purposes  can  we  put  in  the  hands  of 
military  commanders  the  equipment  and  systems  which  will  fulfill  their  intended 
operational  purposes. 

The  program  to  attain  this  goal  obviously  embraces  both  research  and 
development  and  operational  areas  of  activity.  It  provides  for  the  development 
of  improved  measurement  techniques  and  test  procedures  and  better  test  equip¬ 
ment  to  enable  the  collection  of  a  complete  and  accurate  picture  of  transmitter 
radiation  and  receiver  susceptibility.  It  provides  for  research  leading  to  improved 
performance  by  tubes  and  components  --  greater  stability,  reduced  power  varia¬ 
tion  and  tunability,  Antennas  and  their  associated  circuitry,  oscillators,  filters, 
multipliers,  non-linear  devices  and  power  amplifiers  are  all  included. 

Attention  to  tubes  and  components  is  only  part  of  the  task,  however.  The 
equipments  which  use  them  have  specific  characteristics  which  contribute  or 
react  adversely  on  the  electromagnetic  environment.  A  specific,  positive  effort 
to  minimize  that  contribution  or  reaction  must  be  prosecuted. 
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Aside  from  the  dollars  required  to  underwrite  the  program,  the  key  to 
success  lies  in  the  availability  of  complete  and  reliable  data  and  the  capability 
to  analyze  it.  This  thought  brings  us  to  the  data  collection  and  analysis  parts 
of  the  program. 

The  data  required  is  of  two  fundament^J  types  --  spectrum  signatures 
and  a  picture  of  the  operational  environment. 

The  term  "Spectrum  signature"  is  the  popular  name  for  the  package  of 
data  which  describes  the  radiating  or  receiving  characteristics  of  equipment. 

The  procedures,  methodology  and  equipment  involved  in  collecting  this  package 
could  probably  be  best  described  as  embryonic.  The  exact  data  required  for 
reliable  prediction  and  control  of  interference  are  not  known  completely.  But 
good  progress  has  been  made  toward  defining  the  information  needed. 

Immediately  after  the  program  was  approved,  a  joint  effort  was  under¬ 
taken  by  the  Army,  Navy,  and  Air  Force  to  prepare  plans  for  the  collection  of 
spectrum  signatures  and  environmental  data.  It  was  recognized  that  whatever 
plans  were  produced  would  require  early  revision  but  it  was  also  appreciated 
that  we  had  to  start  filling  the  void  in  this  area  if  the  program  was  ever  to  be 
effective.  The  first  tangible  result  of  this  effort  was  the  approval  and  issuance 
of  the  "Military  Spectrum  Signature  Collection  Plan,  "  rr-ore  than  500  copies  of 
which  were  widely  distributed  in  government  and  industrial  circles.  The  drafting 
and  publication  of  such  a  comprehensive  document  only  three  months  after  the 
program  was  approved  attests  to  the  enthusiasm  and  determination  of  those  re¬ 
sponsible.  There  was  never  any  doubt  that  it  represented  a  first  cut,  that  it 
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would  require  substantial  revision.  It  has  now  undergone  its  first  collection 
test,  been  reviewed  by  governinent  and  contractor  representatives,  and  revised 
in  collaboration  with  the  analysis  facility  contractor.  The  revised  collection 
plan  was  promulgated  on  1  September  and  has  been  distributed  even  more  widely 
than  the  first  version.  It  can  be  anticipated  that  it,  perhaps  with  additional  re¬ 
visions  as  a  result  of  experiences  with  it,  will  become  a  standard  for  more 
effective  control  of  the  design  and  production  of  electronic  equipment. 

While  the  term  "spectrum  signature"  denotes  the  data  with  which  de¬ 
signers  and  manufacturers  will  be  in  closest  association,  the  operational 
environment  data  is  equally  vital  to  the  success  of  the  DOD  program.  Without 
knowledge  of  the  operational  configuration  and  physical  environment  in  which 
equipments  and  systems  will  operate  and  the  manner  in  which  they  will  be  used, 
their  spectrum  signatures  will  be  of  limited  use. 

Picture  if  you  will  the  enormity  of  the  problem  of  establishing  and 
analyzing  the  operational  complex  of  60,000  emitters  in  a  field  army,  all  either 
mobile  or  transoortable,  their  positions  changing  in  conformance  with  tactical 
requirements.  Large  naval  and  air  formations  confront  us  with  the  same  pro¬ 
blem  and  when  you  think  in  terms  of  a  large  joint  amphibious  assault  your  head 
really  begins  to  ring. 

Development  of  the  capability  to  cope  with  such  situations  is  obviously  a 
tough  nut.  However,  as  in  the  case  of  signature  collection,  an  early  first  cut  has 
\-f-eri  taken  and  is  currently  under  revision  on  the  basis  of  experience  and  increas¬ 
ing  understanding  within  the  Department  of  Defense. 
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This  revision  takes  into  account  the  results  of  pilot  projects  directed 
for  the  purpose  of  confirming  or  refuting  the  course  we  were  on.  These  pro¬ 
jects  --in  the  San  Diego,  California  and  Montgomery,  Alabama  areas  --  are 
serving  as  valuable  proving  grounds  for  the  signature  and  environmental  data 
collection  plans.  You  will  hear  more  about  them  later  this  morning  and  about 
the  closely  related  tests  to  validate  the  mathematical  models  that  hold  the  key 
to  rapid,  reliable  analysis  of  the  signature  and  environmental  data  and  the  con¬ 
sequent  prediction  of  interference. 

Gathering  this  data  is  a  costly  operation  and  there  are  severe  handicaps 
to  be  overcome.  In  the  field  of  measurement,  techniques  and  equipment  require 
major  improvement.  The  search  for  solutions  to  these  problems  is  underway 
and,  as  the  history  of  military  electronics  progress  relates,  private  enterprise  -- 
the  electronics  industry  of  the  United  States  --  will  play  an  important  role  in 
this  search. 

Accurate  and  reliable  data  is  of  extreme  importance  but  of  itself  it  will 
accomplish  very  little.  It  must  be  analyzed  in  such  a  way  that  reliable  conclu¬ 
sions  can  be  drawn  --  conclusions  that  lead  to  positive  action  to  bring  RFI  under 
control  and  increase  the  efficiency  with  which  we  use  vital  frequency  resources. 

Toward  the  fulfillment  of  this  requirement  the  DOD  Program  provides 
for  a  joint  analysis  facility  under  the  direction  of  the  Director  for  Communica¬ 
tions -Electronic  s  for  the  Joint  Chiefs  of  Staff  and  the  Director  of  Eleci  ronics 
lor  the  Rc'search  and  Engineering.  The  Department  of  the  Air  Force  has  been 
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assigned  the  mission  of  establishing  the  Electromagnetic  Compatibility  Analysis 
Center  at  Ananpolis,  Maryland  under  coordinated  policy  direction  from  those 
two  offices.  Permanent  housing  facilities  are  scheduled  for  occupancy  in 
February;  staffing  is  approximately  60%  complete.  Colonel  Charles  C.  Woolwine, 
the  Director  of  the  Center,  will  give  you  more  details  on  its  status  and  prospects. 

The  technical  program  of  the  Center  which  Mr.  Stan  Cohn,  the  Director 
of  Technical  Operations  at  the  Center,  will  cover  in  some  detail,  is  well  under 
way.  On  the  basis  of  the  data  being  collected  and  furnished  by  the  Military 
Departments  under  the  data  collection  program  I  have  described,  the  data  base 
is  being  established  in  a  form  suitable  for  computerized  analysis.  The  develop¬ 
ment  and  validation  of  mathematical  models,  the  installation  of  the  computer 
and  the  establishment  of  the  technical  reference  library  are  all  being  actively 
prosecuted. 

The  first  output  of  operational  significance  is  expected  from  the  Center 
in  December.  From  that  time  the  quantity  and  quality  of  output  will  increase 
as  rapidly  as  data  can  be  collected  and  larger  models  validated.  Close  control 
will  be  exercised  as  Colonel  Woolwine  will  explain. 

It's  fairly  obvious  that  the  Analysis  Center  is  the  heart  of  the  program 
but  care  has  been  taken  to  avoid  encumbering  the  analysis  mission,  for  which 
the  Center  was  established,  with  other  aspects  of  the  program.  The  research 
and  development  and  data  collection  programs  which  I  have  described  have  been 
made  the  responsibilities  of  the  Military  Departments,  directed  and  coordinated 
by  Jim  Bridges,  the  Director  of  Electronics,  Director  of  Defense  Research  and 
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Engineering  and,  myself,  the  Director  for  Communications -Electronics,  Joint 
Chiefs  of  Staff. 


Still  in  the  study  stage  is  the  use  of  simulation  techniques  to  enhance 
the  versatility  of  the  analysis  capability  and  to  facilitate  the  prediction  and  con¬ 
trol  of  RFI  at  the  earliest  possible  time  in  the  engineering  and  development  of 
equipment  and  systems.  When  I  refer  to  a  study,  I  do  not  mean,  however,  that 
we  are  just  thinking  about  it.  A  contract  for  a  feasibility  study  has  been  let. 

No  one  dares  to  predict  at  this  time  what  ultimate  level  of  achievement 
will  be  reached  in  this  program,  though  a  high  degree  of  effectiveness  is  cer¬ 
tainly  anticipated.  Unquestionably  we  won't  move  as  fast  as  we  would  if  there 
were  no  constraints.  Technological  progress  is  not  going  to  be  suspended 
while  we  catch  up  in  the  control  of  interference.  Nor  can  we  scrap  everything, 
or  even  the  worst  culprits,  and  start  from  scratch.  Even  if  we  could  we  would 
be  constrained  by  the  fact  that  the  frequency  spectrum  is  a  public  domain.  We 
can't  use  it  arbitrarily  but  must  conform  with  national  and  international  plans, 
regulations  and  treaties. 

As  I  have  suggested,  the  earliest  payoff  from  this  extensive  undertaking 
will  be  in  the  area  of  alleviating  existing  problems.  Solutions  may  take  the  form 
of  equipment  and  system  modifications  or  revisions  of  operational  plans. 

Frequency  planning  techniques  will  be  reviewed  and  revised  to  take 
advantage  of  the  greater  know-how  that  will  develop  and  the  computerized 
electronic  data  processing  capability  which  will  be  available. 
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Emphasis  will  gradually  shift  to  the  design  and  engineering  phase  of 
equipment  development  as  improvements  in  tubes  and  components  permit 
greater  efficiency  in  the  use  of  the  spectrum  and  as  the  capability  for  earlier 
identification  and  control  grows. 

The  frequency  allocation  process,  by  means  of  which  control  is  exercised 
over  the  use  of  the  spectrum  by  military  equipments,  will  be  improved.  As  the 
preciseness  and  accuracy  of  frequency  allocation  decisions  increases,  the  con¬ 
trol  exercised  can  be  tightened.  Conflicts  can  be  largely  eliminated  before  they 
occur. 


The  end  result  of  these  payoffs  will  be  minimum  degra.dation  of  electronics 
operations,  the  main  objective  of  the  Department  of  Defense  Electromagnetic 
Compatibility  Program. 

Ambitious?  Sure,  it's  ambitious.  And  there  are  a  lot  of  problems  that 
have  to  be  solved.  But  the  hazards  of  radio  frequency  interference  must  be  re¬ 
duced  drastically  and  this  program  is  a  major  step  in  that  direction  --  positive, 
determined  action  i.nstead  of  talk. 

Success  in  this  undertaking  is  one  of  the  most  important  tasks  facing  the 
communications -electronics  community.  The  increasing  frequency  of  meetings 
such  as  this,  the  growing  interest  and  concern  throughout  the  industry  and  the 
dedication  of  you  and  others  like  you  make  it  a  foregone  conclusion  that  we  will 
realize  success. 
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We  don't  expect  a  spectacular  effect  overnight;  we  do  anticipate  radical 
results  in  time,  with  a  consequent  better  capability  to  meet  the  constantly 
growing  challenge  which  military  operations  present  to  the  communications - 
electronics  community.  The  Defense  Electromagnetic  Program  provides  a 
realistic  vehicle  for  an  all-out  attack  on  the  gremlin  of  ail  gremlins  --at  least 
to  the  com.municators  --  the  by-product  of  the  electronics  revolution  --  radio 
frequency  interference. 
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B 


THE  MISSION  AND  OPERATING  PHILOSOPHY 
OF  THE  ANALYSIS  CENTER 


Colonel  C.  C.  Woolwine 
Electromagnetic  Compatibility  Analysis  Center 
Annapolis,  Maryland 


Abstract.  -  This  paper  discusses  four  areas  involving  the  Electromagnetic 
Compatibility  Analysis  Center,  which  has  recently  been  established  by  the 
Department  of  Defense  in  Annapolis,  Maryland.  These  areas  are: 

1)  BACKGROUND 

2)  MISSION 

3)  ORGANIZATION 

4)  OPERATING  PHILOSOPHY 

The  paper  traces  the  steps  which  took  place  to  establish  the 
Analysis  Center,  some  of  the  tasks  which  have  been  assigned  to  it,  and 
the  methods  which  have  been  used  in  an  attempt  to  insure  the  success  of 
its  operation. 

BACKGROUND 


On  19  July  I960,  Mr.  James  H.  Douglas,  Acting  Secretary  of 
Defense,  sent  a  memorandum  to  the  Secretary  of  the  Army,  the  Secretary 
of  the  Navy,  and  the  Secretary  of  the  Air  Force,  in  which  he  defined  the 
policy  and  identified  the  action  that  was  to  be  taken  by  the  Department  of 
Defense  in  order  to  cope  with  the  interference  problem. 

Subsequent  to  Mr.  Douglas'  memorandum,  Mr.  Roswell  S.  Gilpatric, 
Deputy  Secretary  of  Defense  issued  a  memorandum  of  25  September  1961, 
to  the  Director  of  Defense  Research  and  Engineering,  and  the  Chairman, 

Joint  Chiefs  of  Staff  in  which  it  was  recommended  that  each  designate  a 
representative  to  take  action  jointly  in  carrying  out  the  Electromagnetic 
Compatibility  Program  as  set  forth  in  Mr.  Douglas'  memorandum. 

It  is  stated  that  the  ECAC,  as  part  of  the  Compatibility  program 
shall  be  a  joint  activity  of  the  three  Military  Departments,  subject  to  the 
authority  direction  and  control  of  the  Secretary  of  Defense. 

In  addition,  Mr.  Gilpatric's  memorandum  designated  the 
Department  of  the  Air  Force  as  the  responsible  agency  for  establishing 
the  ECAC  and  developing  its  capabilities  in  accordance  with  the  policy 
guidance  probided  by  the  designee  of  the  DDR  and  E  in  coordination  with  the 
designee  of  the  JCS. 
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It  is  within  the  scope  of  these  documents  that  the  ECAC  was  founded 
and  will  initially  operate. 

MISSION 


The  mission  of  the  Electromagnetic  Compatibility  Analysis  Center  is 
to  provide  to  the  Department  of  Defense  the  analytical  capability  to  determine 
whether  electronic  systems  will  suffer  operational  degradation  due  to  the 
absence  of  appropriate  means  for  rejecting  interference.  Also  to  provide  a 
means  whereby  recommendations  may  be  made  which  will  insure,  insofar  a 
practicable,  the  capability  of  electronic  systems  and  equipments  to  operate 
in  the  intended  environment  at  designed  levels  of  efficiency  without  degradation 
due  to  unintentional  interference. 

One  of  the  major  tasks  that  has  been  handed  the  Center  is  to  establish 
a  "Data  Base"  adequate  to  satisfy  the  Center's  three  broad  mission  objectives. 
These  objectives  are  (1)  to  predict  interference  potentialities  among 
military  electronic  equipment  under  operational  environment  conditions, 

(2)  provide  means  whereby  improved  radio  frequency  management  may  be 
exercised  within  the  Military  Services,  and  (3)  provide  consultant  service  to 
the  three  services  research  and  development  programs  in  the  electromagnetic 
compatibility  area.  All  work  performed  by  the  Center,  all  data  furnished  by 
the  Center  to  other  agencies,  and  all  support  and  consultant  services  performed 
by  the  Center  will  result  from  and  d3'*ectly  depend  upon  the  data  base.  The 
tools  are  now  being  developed  to  establish  this  data  base.  The  paper  by 
Mr.  Cohn  discusses  this  in  more  detail. 

ORGANIZATION  (Figure  1) 

The  organization  is  that  which  will  produce  the  team  which  is  best 
suited  to  fulfill  the  first  years  requirements  and  does  not  reflect  the  manning 
which  will  be  required  to  support  the  future  program. 

The  box  that  contains  the  Director  and  Technical  Director  will 
manage  and  guide  the  overall  activities  of  the  Center.  In  order  that  this 
group  might  better  fulfill  its  responsibilities,  a  Scientific  Advisor  will  assist 
the  Director  in  arriving  at  sound  technical  decisions  as  they  affect  the  Center. 

The  boxes  labeled  DEP/DIR,  ARMY,  DEP/DIR,  NAVY  and  DEP/DIR 
Air  Force  will  assist  the  Director  of  the  Center  to  more  appropriately  carry 
out  his  Joint -Service  responsibilities.  This  will  keep  the  Director  apprised  of 
the  interest  of  each  service  and  also  provide  the  channel  for  each  service's 
inputs  to  the  Center. 

The  operating  management  function  is  centered  in  the  contractor, 
Armour  Research  Foundation,  the  box  labeled  Technical  Operations,  whose 
primary  responsibility  is  the  detailed  technical  accomplishment  of  directed 
programs  and  projects. 
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OPERATING  PHILOSOPHY 


The  organizational  structure,  although  straightforward,  is  unique  in  that 
it  is  designed  to  accomplish  two  separate  objectives.  The  first  of  which  is  to 
provide  a  common  ground  upon  v/hich  the  three  military  Departments  can  meet 
and  present  their  individual  and  common  problems  in  the  electromagnetic  com¬ 
patibility  area  and  seek  solutions  to  same.  In  addition,  that  of  providing  a  base 
for  cross  coordination  of  required  research  and  development  effort  in  this  area 
in  the  respective  services  programmed  effort  for  same.  The  second  is  that  of 
assigning  programs  and  projects  to  the  Center  contractor  and  providing  the 
mechanism  whereby  the  resultant  knowledge  which  will  be  accumulated  can 
be  made  available  to  the  services  and  industry. 

Management  of  this  effort  is  accomplished  by  adherence  to  the  fundamental 
and  well-established  principle  of  the  vertical  classification  of  management 
function,  corresponding  to  top  management,  staff  and  operating  management. 

This  alignment  of  management  functions  is  reflected  in  the  organization 
of  the  Electromagnetic  Compatibility  Analysis  Center  whereby  the  Director, 
Technical  Director,  and  Deputies  represent  top  management  and  are  responsible 
for  the  policies,  procedures  and  organizational  fu-cilities  necessary  to  accomplish 
the  assigned  mission. 


The  staff  function  is  obtained  through  a  logical  grouping  of  closely  related 
work  problems  into  areas  corresponding  to  the  mission  role  or  intended 
application  of  the  work.  These  specialized  work  areas  are  supervised  by 
Chiefs  who  are  responsible  to  the  Director  for  appropriate  actions  related  to 
the  orderly  and  timely  accomplishment  of  the  imposed  workloads. 

The  operating  management  function  is  centered  in  the  contractor  (Armour 
Research  Foundation)  whose  primary  responsibility  is  the  detailed  technical 
accomplishment  of  directed  programs  and  projects. 


The  programs  and  projects  usually  have  their  origin  outside  the  Center 
and  flow  to  the  Center  through  the  Deputy  Directors.  The  Deputies  perform 
an  initial  evaluation  of  the  program  or  project  to  determine  the  validity  and 
then  pass  it  on  to  a  Board;  chaired  by  the  Technical  Director,  and  consisting 
of  the  Scientific  Advisor,  Deputies,  Chief  of  Plans  and  Programs,  and  Director 
of  Technical  Operations  where  it  is  explored  with  regard  to  feasibility  within 
present  state-of-the-art,  available  resources,  and  priority  with  respects 
to  other  programs  and  projects.  The  output  of  the  Board  will  be  a  programs  and 
project  schedule  which  will  flow  to  the  Center  Director  for  his  consideration 
and  coordination  and  hence  to  the  Plans  and  Programs  Office  for  incorporation 
into  the  Center's  program  schedule.  In  ail  cases  where  there  are  unresolved 
factors  such  as  priority,  etc.  ,  the  proposed  program  and  projects  schedule 
will  flow  from  the  Center  Director  to  the  DOD/JCS  Board  of  Governors  for 
resolution  and  hence  back  to  the  Center  as  program  directives. 
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Implementation  of  a  program  or  project,  as  based  on  an  approved  plan, 
means  that  a  program  or  project  has  been  launched  with  definite  predetermined 
objectives  in  mind  and  contemplates  certain  output  delivery  schedules. 
Immediately,  however,  there  are  two  major  problems  of  control,  one  of  which 
is  to  keep  the  program  in  consonance  with  the  original  plan  and  objective 
except  for  necessary  deviation  in  the  technical  areas,  the  other  is  the  problem 
of  extraneous  influences  tending  to  reorient  or  realign  the  program  or  project 
in  some  major  way.  These  two  problems  are  in  fact  the  basis  for  an  operating 
procedure  that  is  designed  especially  to  cope  with  these  distinct  categories  of 
control. 

Referring  to  the  organization  chart,  the  Chief  of  Plans  and  Programs  will 
be  the  medium  through  which  top  management,  is  kept  appraised  that  established 
programs  are  kept  on  schedule  an  headed  toward  their  predetermined  objectives. 
He  will  have  no  direct  responsibility  for  the  activities  that  involve  major  program 
changes  and,  therefore,  is  mainly  concerned  with  the  control  of  programs  or 
projects  as  directed  at  any  particular  time. 

in  the  other  category,  i.  e.  ,  the  control  of  factors  tending  to  realign  the 
objectives  or  schedules  of  established  programs,  the  Director  and  his  immediate 
staff  will  normally  conduct  the  Investigations  and  make  the  contacts  for  estab¬ 
lishing  a  Center  position. 

These  two  areas  of  control  or  separation  of  functions  do  not  relieve  the 
Director  from  full  accountability  for  the  Center's  activities  and  actions. 
Coordination  is  the  answer  to  any  procedure  that  involves  a  Joint  Service 
effort  and  it  is  intended  that  close  coordination  will  be  effected  on  all  important 
actions,  either  current  or  contemplated. 

In  closing,  I  want  to  state  that  the  success  of  this  program  depends  on 
two  major  elements.  One,  the  Data  that  we  consider  as  the  Life  Blood  of  the 
Center,  without  which  it  cannot  live.  Two,  the  Research  and  Development 
that  we  consider  as  the  red  marrow  or  origin  of  new  Blood.  Without  this  new 
Blood  the  Center  cannot  grow  and  flourish  but  only  stagnate  and  ide.  I  want  to 
quote  from  a  speech  given  by  Mr,  Bridges,  Director,  Office  of  Electronics 
ODDR  and  E  to  the  FCWG/AFTRCC.  "I  want  to  state  that  the  success  of 
this  program  depends  very  critically  upon  the  cooperative  efforts  of  R  and  D 
and  operational  management  people  in  DOD  and  the  understanding  and  assistance 
of  the  industry  that  develops  and  produces  the  kind  of  weapons  and  equipments 
involved.  "  We  at  the  Center  see  the  overall  DOD  program  as  portrayed  in 
Figure  2. 

For  the  Center  to  successfully  accomplish  its  mission  and  in  order  for 
the  ov  6  rai  1  DOD  program  to  succeed  it  is  essential  that  all  areas  be  given 
wholehearted  support. 
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FIG  I  ORGANIZATION  OF  ELECTROMAGNETIC  COMPATIBILITY  ANALYSIS  CENTER 
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Abstract.  -  The  technical  program  of  the  Electromagnetic  Compatibility 
Analysis  Center  is  composed  of  four  broad  categories  of  effort.  These  are 
(1)  the  acquisition  of  the  data  base  (2)  the  formulation  and  adoption  of  vali¬ 
dation  tests  (3)  establishment  of  permanent  facilities  and  activities,  and 
(4)  operational  problem  analysis. 

This  paper  covers  the  progress  which  has  been  made  on  this  technical 
program.  In  addition,  a  discussion  of  the  plans  for  effort  in  the  immediate 
future  is  also  given. 


I.  INTRODUCTION 

To  understand  the  various  functions  that  must  be  performed  at  the 
Electromagnetic  Compatibility  Analysis  Center,  it  is  best  to  consider  first  the 
given  input  and  output  information  required.  Input  information  consists  basically 
of  military  situations  and  equipment  deployment  (environmental  data)  as  well  as 
the  data  regarding  the  characteristics  of  electronic  equipment  (spectrum 
signatures).  The  required  outputs  are  descriptions  of  environmental  interaction, 
frequency  allocation  data,  operational  procedures  needed  to  increase  compati¬ 
bility,  and  possible  interference  and  susceptibility  reduction  measures  for 
offending  equipment.  From  these  results  better  utilization  of  the  radio  frequency 
spectrum,  both  in  the  frequency  allocation  and  equipment  characteristics  areas, 
should  be  obtained.  Although  initial  emphasis  will  be  placed  on  radar,  the 
Analysis  Center  will  eventually  attack  problems  in  the  communication  area. 

Since  the  spectrum  signatures  of  equipment  are  rather  complex  and 
hand  calculations  of  the  interaction  of  equipment  are  quite  lengthy,  it  is 
obvious  that  automatic  processing  must  be  used  to  evalua’te  compatibility  in 
any  realistic  military  situation.  This  requires  that  spectrum  signatures  and 
environmental  data  niust  be  maintained  in  a  central  library  in  a  form  that  is 
suitable  for  a  computer.  In  order  to  process  these  data  one  must  use  a 
mathematical  model  which  is  a  computer  representation  of  the  situation  and 
physical  phenomena  to  be  analyzed. 

Data  processing  techniques  for  analysis  of  compatibility  are 
relatively  new,  and  effort  must  be  directed  toward  refining  these  and 
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developing  more  sophisticated  computer  programs  for  analysis.  In  addition, 
techniques  of  operations  research  must  be  developed  and  applied  to  determine 
optimum  frequency  allocations  and  operational  procedures  that  will  enhance 
compatibility.  Methods  of  handling  the  immensely  complex  results  of  the 
analysis  must  also  receive  consideration.  This  requires  research  in  the 
application  of  data  read-out  systems,  map  printing,  and  environmental 
display  techniques  to  facilitate  comprehension  of  staggering  quantities  of 
interrelated  data. 

Another  factor  that  will  be  considered  is  the  validity  of  the  data 
to  be  used.  As  experience  is  gained  in  compatibility  analysis,  the  accuracy 
and  types  of  data  required  will  change  in  order  to  obtain  more  meaningful 
results.  The  Analysis  Center  staff  must  respond  to  these  changes  by  aiding 
in  revisions  of  data  collection  standards,  both  in  the  spectrum  signature  and 
environmental  data  areas.  Measurement  techniques  must  be  reviewed  and 
revised  periodically,  taking  into  account  resulting  data  accuracy,  ease  of 
measurement,  and  instrumentation  requirements. 

It  is  anticipated  that  the  analytical  results  will  point  up  problems  in 
equipment  characteristics.  Possible  corrective  measures  for  reducing 
interference  susceptibility  and  undesired  radiation  must  be  proposed.  These 
may  take  the  form  of  equipment  circuit  modifications  or  addition  of  selective 
filters.  In  certain  cases,  it  may  be  wise  to  replace  certain  types  of  equipment 
because  of  poor  compatibility  characteristics. 

In  the  case  of  equipment  under  development,  compatibility  analysis 
can  be  a  design  aid  by  pointing  out  which  equipment  characteristics  need 
improvement.  Along  these  lines  technical  personnel  must  not  only  be  familiar 
with  the  state  of  the  art  in  interference  reduction  but  must  also  be  aware  of 
new  equipment  developments.  New  techniques  in  the  rapidly  changing  electronics 
art  must  be  examined  for  possible  interference  problems  so  that  electromag¬ 
netic  compatibility  will  be  considered  by  the  designers  of  future  complicated 
equipment.  This  is  of  paramount  importance  since  equipment  designed  for 
compatibility  will  cost  far  less  than  equipment  that  has  to  be  modified  to  reduce 
interference. 

The  knowledge  that  the  Electromagnetic  Compatibility  Analysis 
Center  will  accumulate  must  be  made  available  to  others  concerned  with 
various  facets  of  the  overall  compatibility  program  if  the  maximum  benefit 
is  to  be  obtained.  To  this  end  the  Analysis  Center  must  aid  the  military 
services  by  providing  required  consultant  services  and  by  preparing  information 
to  be  included  in  manuals  and  specifications. 

Anticipated  areas  of  consultation  include  equipment  standards, 
measurement  techniques ,  instrumentation,  data  collection  methods ,  interference 
reporting  techniques,  field  test,  susceptibility  and  inter -reduction  techniques 
and  devices,  transmitting  and  receiving  equipment,  future  equipment  requirements, 
simulation  methods,  and  design  procedures  for  equipment. 
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The  technical  program  of  the  Analysis  Center  is  composed  of  four 
broad  categories  of  effort.  These  are  (1)  the  acquisition  oi  the  data  base, 

(2)  the  formulation  and  adoption  of  validation  tests,  (3)  the  establishment  of 
permanent  facilities  and  activities,  and  (4)  operational  problem  analysis. 

II.  DATA  BASE 

One  of  the  most  important  functions  of  the  Analysis  Center  is  the 
establishment  of  the  data  base.  All  work  performed  by  the  Center,  all  data 
furnished  by  the  Center  to  other  agencies,  and  all  support  and  consultant 
services  performed  by  the  Center  will  result  from  and  directly  depend  upon 
the  data  base.  The  tools  are  now  being  developed  to  establish  this  data  base. 

It  will  be  only  through  analysis,  review,  and  model  validation,  and  through 
continued  analysis  of  predicted  results  in  operational  problems  that  the  Center 
will  develop  the  necessary  sophistication  and  refinements  of  this  data  base.  The 
data  will  consist  of: 

a.  Spectrum  signatures  of  all  military  electronic  equipment  designed 
to  emit  or  receive.  A  spectrum  signature  is  a  complete  characteristic 
description  of  the  significant  outputs  of  an  emitter  throughout  the  frequency 
spectrum  and  a  similar  description  of  the  response  characteristics  of  a  receiver. 

b.  A  complete  description  of  the  operational  or  proposed  useage 
and  location.  The  environmental  file  will  contain  the  geographical  location 
of  the  emitters  and  receivers,  hours  of  operation,  authorized  frequency, 
bandiwdth,  height  of  antenna,  etc. 

In  addition  to  these  data  supplied  to  the  Center,  the  following  information 
is  being  obtained  for  supplementary  data? 

a.  Technical  literature  (T.  O.  's,  T,  M.  's,  schematic  diagrams,  etc,  , 
on  all  military  emitters  and  receivers). 

b.  Current  and  future  R  and  D  programs  of  the  military  services 
concerning  development  of  electronic -electromagnetic  equipment,  measuring 
equipment,  testing  procedures  and  system  compatibility  testing. 

c.  Engineering  standards,  and 

d.  Interference  reports. 

From  this  data  base,  the  EC  AC  will  develop  a  comprehensive 
electromagnetic  compatibility  analysis  program  analyzing  present  and 
projected  electromagnetic  operational  environments  by  (1)  developing 
mathematical  computer  models  of  the  operational  equipment  and  environment, 

(2)  predicting  the  degree  of  degradation  (present  and  projected),  (3)  providing 
recommendations  leading  to  improved  electromagnetic  compatibility  in  future 
designs  and  to  modifications  to  present  equipment,  (4)  providing  information 
to  facilitate  planning  of  frequency  allocations  and  assignments,  (6)  providing 


information  to  facilitate  the  operation  of  an  electromagnetic  compatibility 
simulation  facility  and  (6)  furnishing  assistance  or  consultant  services  to  the 
military  departments  as  requested  in  the  areas  covered  by  the  data  base  and 
in  the  education  area, 

1.  Spectrum  Signatures 

The  Spectrum  Signature  Collection  Plan  has  been  revised  with  the 
aid  of  a  joint  committee  in  early  May.  The  plan  has  been  approved  by  DOD 
and  the  three  military  departments  and  was  published  on  1  September  1961. 
Further  revisions  to  the  plan  are  being  considered  which  will  involve  guided 
missile  systems,  tracking  radars,  homing  systems,  non-conventional  radar 
and  communication  systems,  and  3-D  antenna  patterns. 

The  Center  recognizes  the  fact  that  obtaining  this  data  is  very  costly. 
Plans  are  being  formulated  and  some  work  has  started  in  synthesis  of  spectrum 
signatures.  It  is,  however,  too  early  to  predict  how  much  of  this  data  can  be 
synthesized  and  how  much  must  be  measured. 

A  number  of  research  and  development  contracts  are  also  underway 
in  the  measurement  area.  It  is  believed  that  the  resulting  techniques  and 
equipment  will  play  a  significant  role  in  simplifying  spectrum  signature 
measurement. 

2.  Environmental  Data 


The  environmental  data  sheets  for  the  San  Diego  area  have  been 
reviewed  by  Center  personnel.  This  review  brought  up  a  number  of  possible 
misinterpretations  of  some  of  the  questions  on  the  form.  Together  with  a 
joint  committee  the  form  was  revised  to  reflect  these  changes  and  has  been 
tested  in  a  limited  number  of  cases.  A  few  further  revisions  to  the  form  were 
necessitated  by  these  tests.  It  is  believed  that  the  form  is  now  adequate  for 
collecting  environmental  data. 

In  order  to  process  the  forms  in  a  most  expeditious  manner,  it  was 
decided  that  an  automatic  process  to  transfer  the  written  information  to 
magnetic  tape  would  be  desirable.  Discussions  with  the  Bureau  of  Census 
revealed  that  these  forms  could  be  designed  in  a  manner  which  would  allow 
processing  on  a  mark  sensing  device  (FOSDIC).  Arrangements  have  been 
made  with  the  Bureau  of  Census  for  aid  in  printing  the  forms  and  processing 
the  completed  forms  to  an  output  tape. 

m.  MODEL  VALIDATION 

Since  one  of  the  primary  tasks  of  the  Analysis  Center  is  the  computation 
of  signal  density  and  prediction  of  interference  by  analytical  means,  it  is 
essential  that  valid  and  appropriate  mathematical  models  be  formulated. 
Mathematical  models  are  computer  representations  of  the  physical  phenomena 


-10- 


and  operational  conditions.  Since  the  reliability  of  analytical  results  will  be  no 
better  than  the  reliabilities  of  the  model  and  the  input  data,  it  is  necessary 
that  supporting  information  be  supplied  to  determine  the  relative  accuracy  and 
possible  limitations  of  any  mathematical  model  that  is  employed. 

A  number  of  mathematical  models  for  interference  prediction  have 
been  described  in  the  literature.  Many  portions  of  these  models  may  be  useful 
to  the  Analysis  Center  in  conjunction  with  models  developed  at  the  Center.  The 
validity  of  these  models  has  not,  however,  been  verified  completely  by  experiment. 
To  establish  model  validity  on  a  full  scale  operational  problem  would  require 
resources  greatly  in  excess  of  those  available.  In  addition,  the  amount  of 
control  that  the  Center  would  have  in  changing  parameters  or  other  measures 
required  for  validation  in  an  actual  operational  situation  would  be  quite  limited. 

The  resulting  confidence  in  the  evaluation  of  a  particular  model  would  therefore 
be  low. 


In  order  to  obtain  confidence  in  the  analytical  models  to  be  used  three 
model  validation  tests  are  being  conducted.  Each  of  these  tests  is  designed  to 
verify  certain  portions  of  the  models  and  will  be  used  to  determine  the  useful¬ 
ness  of  various  approaches.  The  results  of  this  procedure  for  model  validation 
will  result  in  a  set  of  models  which  can  be  used  in  large-scale  environments 
with  a  high  degree  of  confidence. 

The  first  model  validation  test  is  being  held  at  NANEP  at  Patuxent 
River,  Maryland.  It  is  designed  to  provide  two  types  of  information.  The 
first  is  a  check  on  the  Spectrum  Signature  Collection  Plan  at  the  equipment 
level.  It  is  intended  that  revisions  to  the  Collection  Plan  will  be  aided  by  these 
tests.  The  second  portion  of  the  test  is  a  validation  of  a  one-to-one  radar 
prediction  model  between  the  AN/TPS-ID  and  AN/SPS-6C  L-band  surveillance 
radars.  The  test  plan  has  been  evolved  and  the  spectrum  signatures  for  the 
equipments  are  currently  being  obtained.  The  rest  of  the  test  will  be  completed 
and  evaluated  early  next  year. 

The  second  model  validation  test  is  being  conducted  at  the  Verona  Test 
Site  of  RADC,  The  purpose  of  this  test  is  to  establish  the  validity  of  the  pro¬ 
pagation  models  to  be  used  and  terrain  reflection  effects  upon  the  one-to-one 
radar  model.  This  test  involves  two  L-band  surveillance  radars,  the  AN/FPS-20 
and  AN/TPS-ID,  The  measurements  have  started  and  they  will  be  completed 
in  early  1962, 

The  third  model  validation  test  to  be  held  at  Fort  Huachuca,  Arizona, 
will  be  a  larger  scale  environment.  A  preliminary  test  plan  on  the  test  has 
been  submitted  and  a  more  detailed  test  plan  has  been  completed.  Six  or  more 
M-33  S-band  surveillance  radars  will  be  used.  It  is  anticipated  that  these  tests 
will  be  completed  by  and  evaluated  by  mid  1962. 
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This  process  of  designing  and  validating  first  a  one-to-one  model  and 
then  a  more  complex  model  allows  for  a  logical  buildup  to  a  large  scale  model. 
Since  each  portion  of  the  model  has  been  verified  experimentally  the  application 
of  statistical  data  is  the  main  requirement  for  a  more  complex  case.  Although 
the  Center  believes  that  this  is  the  most  logical  way  to  obtain  a  solution  to  a 
large  scale  problem,  this  does  not  mean  that  all  work  on  larger  scale  models 
must  wait  until  the  model  validation  tests  are  complete.  Quite  the  contrary  is 
true.  As  will  be  mentioned  later,  a  great  deal  of  work  is  going  on  on  large 
scale  models  and  the  results  of  the  various  portions  of  the  model  validation 
process  will  be  used  as  they  become  available.  It  is  anticipated  that  no  time 
delay  will  result  in  operational  problem  analysis  from  this  process. 

IV.  PERMANENT  FACILITIES  AND  ACTIVITIES 

Another  major  task  of  the  Analysis  Center  is  the  establishment  of 
a  set  of  permanent  facilities  and  activities.  The  permanent  facilities  will 
consist  of  a  computer  facility.  Technical  Library,  Spectrum  Signature  File, 
Environmental  Data  File,  and  Interference  Reporting  File.  The  permanent 
activities  include  research  in  advanced  models,  analysis  techniques,  compu¬ 
tation  methods,  visual  display  techniques  and  measurement  techniques  and 
equipment.  Some  of  the  salient  efforts  in  this  area  are  given  below; 

.1,  Computer  Selection  Study 

The  functions  of  ECAC  will  necessitate  that  the  processing  of  a  large 
volume  of  data  as  well  as  many  scientific  computations.  A  study  of  the  various 
large  scale  digital  computers  which  could  be  used  by  the  Center  has  been  made, 

A  comparison  of  these  systems  was  made  based  on  the  Center's  expected 
work  load,  the  processing  time  of  the  computer,  and  various  other  features. 

The  preliminary  study  completed  by  the  Center  has  been  forwarded  to  ESD  for 
further  evaluation. 

2.  Computer  Input  and  Output  Devices 

A  number  of  computer-associated  devices  will  be  required  to  process 
effectively  data  at  the  Center.  Considering  the  requirements  of  the  Center,  a 
two-part  study  has  been  initiated,  (1)  to  consider  devices  and  methods  for 
visual  presentation  of  the  computer  output,  such  as  scope  displays  and  plotters, 
and  (2)  to  study  existing  and  projected  spectrum  signature  measuring  systems 
and  tccfiniques  so  that  compatible  data  read-in  devices  may  be  acquired. 

These  devices,  which  may  be  connected  on-line  or  off-line  to  the  computer, 
will  be  ordered  early  in  1962. 

3.  Computer  Programming  Activities 


A  continuing  effort  is  being  expended  in  the  development  of  computer 
programs  in  support  of  the  Center's  activities.  These  include,  for  the  Foundation's 


UNIVAC  1105,  partial  support  in  major  de/elopment  efforts  such  as  an  ALGOL  60 
translator  and  a  general  purpose  statistical  package  as  well  as  specific  programs 
such  as  Fouier  transform  routines,  etc.  Following  completion  of  staff  training 
activities  in  October,  concentrated  efforts  will  be  initiated  for  the  development 
of  service  and  utility  programs  for  the  Center's  new  computing  facility. 

4.  Mathematical  Models 

Various  computer  models  for  the  three  levels  of  modeling  anticipated; 
namely  equipment  models  (receiver,  transmitter,  antenna,  and  propagation 
conditions),  system  models  (a  number  of  equipments  plus  deployment  and 
operational  conditions),  and  optimization  models  (changes  in  deployment, 
operational  conditions,  and  equipment  characteristics  to  improve  compatibility) 
are  being  developed.  In  this  process  a  review  of  currently  used  models  is  also 
being  conducted. 

At  the  equipment  level  the  antenna,  receiver,  transmitter,  and  propagation 
models  are  being  established  in  a  building  block  fashion  so  that  various  degrees 
of  complexity  can  be  incorporated  or  removed  in  a  relatively  simple  manner. 

A  number  of  problems  in  the  prediction  of  antenna  pattern  characteris¬ 
tics  are  being  studied.  These  include  near  field  effects,  effects  of  terrain  on 
the  antenna  pattern,  instrumentation  for  antenna  pattern  measurements,  and 
statistical  and  quantized  antenna  patterns.  The  results  of  these  studies  will 
he  used  for  the  antenna  portion  of  the  equipment  models. 

In  the  area  of  system  models,  the  literature  has  been  reviewed  and 
several  existing  models  are  being  programmed  for  the  1105  computer  in 
Chicago.  The  one-to-one  system  model  is  being  developed  and  will  be  vali¬ 
dated  by  the  Verona  and  Patuxent  tests  described  previously. 

The  literature  is  currently  being  reviewed  for  optimization  models 
and  their  applicability  to  the  frequency  allocation  and  equipment  modification 
area  will  be  established. 

5.  Study  of  Frequency  Allocation  and  Assignments  Procedures 

Since  the  Center  will  devote  a  major  portion  of  its  efforts  to  problems 
involving  frequency  allocation  and  assignment,  it  is  essential  that  it  be  aware 
of  current  procedures  and  policies  in  these  areas.  When  sufficient  knowledge 
and  pertinent  data  have  been  amassed,  the  Center  is  expected  to  be  in  a  position 
to  advise  on  and  perform  studies  in  these  areas.  In  order  to  acquaint  Center 
personnel  with  procedures  used  for  allocation  and  assignment  of  frequencies 
for  the  military,  a  study  is  being  conducted  on  tliis  topic  with  the  aid  of  the 
Joint  Frequency  Panel. 


6.  Interference  Fixes  Survey 


The  Center  will  conduct  a  continuing  effort  in  the  field  of  interference 
fixes.  When  experience  is  gained  typical  problems  that  arise  will  have  known 
preferred  remedies.  In  the  event  that  extended  analysis  is  not  indicated,  the 
Center  may  be  in  a  position  to  recommend  a  preferred  fix,  or  alternate  fixes 
for  many  relatively  simple  interference  problems.  The  knowledge  in  this  area 
will  also  be  applicable  to  large  scale  problems,  requiring  intensive  analysis. 
The  survey  will  include  the  nature  or  method  of  operation  of  the  fixes  and  the 
expected  interference  reduction  which  would  result  from  its  use.  Ultimately, 
each  major  item  will  be  fully  evaluated  to  determine  its  capabilities  and 
limitations,  including  such  items  as  cost  and  availability. 

V.  OPERATIONAL  PROBLEM  ANALYSIS 

One  of  the  major  outputs  of  the  Center  will  be  the  analysis  of  specified 
operational  problems.  These  tasks  may  include  consideration  of  a  single 
equipment  in  a  relatively  restricted  environment  or  examination  of  a  large 
number  of  systems.  The  results  will  be  recommendations  of  various  types, 
including;  suggested  changes  of  frequency  allocation  or  assignment,  time 
sharing  arrangements,  or  technicsil  fixes  such  as  filters,  signal  discrimination 
devices,  or  recommendations  for  future  specifications  or  design  changes. 

Two  problems,  the  San  Diego  and  MOADS  problems,  have  been  assigned 
to  the  Center.  In  a  sense  these  problems  are  designed  to  permit  the  Center 
to  develop  its  analytical  capability  on  real,  rather  than  a  hypothetical  problem 
although  it  is  anticipated  that  useful  outputs  will  be  produced.  It  is  contem¬ 
plated  that  other  problems  in  the  ZI  will  be  assigned  to  the  Center  in  the  near 
future. 

1,  San  Diego 

The  San  Diego  L-band  radar  problem  has  been  started.  The  environ¬ 
mental  data  which  has  been  obtained  is  being  put  on  tape  for  computer  proces¬ 
sing,  Certain  voids  have  been  found  and  when  the  data  has  been  completely- 
analyzed,  requests  will  be  made  for  additional  data.  Definition  of  the  specific 
problems  and  establishment  of  a  model  for  this  problem  will  be  completed 
shortly.  Results  of  analysis  of  this  problem  will  depend  on  the  availability  of 
the  spectrum  signatures  of  equipments  involved.  These  data  are  being  obtained 
and  when  they  are  received  at  the  Center,  prediction  of  the  interference 
conditions  existing  in  this  area  can  be  made. 

2.  MOADS 


The  environmental  data  on  MOADS  (225-400  Me)  has  been  received. 
It  will  shortly  be  put  on  tape  for  computer  processing  and  the  data  voids 
determined,  'when  this  is  accomplished  requests  fur  additional  data  will  be 
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made.  An  interim  problem  is  being  worked  on  in  the  MOADS  area.  This  is 
a  co-site  problem  involving  a  frequency  diversity  radar  and  a  time-division 
data-link  equipment.  Spectrum  signatures  are  not  as  yet  available  for  this 
equipment  and  in  the  interim  they  are  being  synthesized  from  the  equipment 
characteristics. 

3.  Zone  of  the  Interior 


Environmental  data  has  been  requested  by  the  Center  for  radar  and 
communication  equipments  within  the  Zone  of  the  Interior.  Specific  problems 
in  the  ZI  must  be  formulated  before  analysis  can  begin. 

In  addition  to  the  above-mentioned  problems,  a  survey  is  underway 
within  ECAC  on  future  problems  which  may  be  undertaken.  Future  allocation 
and  utilization  of  the  Center's  resources  will  be  based  on  this  survey. 
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A  DIGITAL  COMPUTER  PROGRAM  FOR  REDUCTION  AND  PRESENTATION  OF 
ELECTROMAGNETIC  INTERFERENCE  DATA 
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Abstract.  -  Many  interference  specifications  for  airborne  electronic 
equipment  require  measurements  to  be  made  from  30  cps  to  10  Gc ,  both 
for  generated  interference  and  susceptibility  to  interference.  A 
minimum  of  three  measurements  are  required  in  each  frequency  octave; 
measurements  must  be  made  on  all  power  leads  and  Interconnecting 
cables,  and  the  equipment  must  be  operated  in  each  of  its  possible 
operational  modes.  The  resultant  of  these  measurements  can  total 
several  thousand  data-pleces  for  each  equipment  tested.  These  data- 
pieces  must  be  adjusted  by  various  correction  factors,  compared  with 
the  specification  limits,  and  used  to  prepare  data  report  sheets  and 
graphs  of  the  measured  levels. 

This  paper  will  present  a  program,  currently  in  use,  which 
utilizes  a  digital  computer  for  performing  all  the  functions  of  data 
reduction  and  data  report  preparation.  This  program  not  only  relieves 
Ihs  interference  test  engineer  from  the  manual  performance  of  this  task, 
but  has  the  advantages  of  eliminating  human  error  and  standardizing 
report  format. 


I.  INTRODUCTION 

The  amount  of  time  required  to  perform  interference  and  sus¬ 
ceptibility  measurements  in  accordance  with  the  latest  military  inter¬ 
ference  specifications  has  increased  considerably  in  recent  years  due 
to  the  extended  frequency  range  over  which  measurements  are  required. 

For  example,  GM-07-59-2617A,  among  others,  has  extended  the  range  down¬ 
ward  to  30  cps,  while  MIL-I-11748B  has  extended  the  range  upward  to 
36,000  me.  The  range  has  approached  the  proverbial  "dc  to  daylight". 
When  it  is  considered  that  a  minimum  of  three  measurements  of  interfer¬ 
ence  and  a  possibly  greater  number  of  susceptibility  measurements  are 
required  for  each  octave  of  the  frequency  range,  and  that  these  measure¬ 
ments  must  be  repeated  on  each  power  line  and  cable,  for  each  mode  of 
equipment  operation,  the  number  of  information  pieces  needed  and  the 
corresponding  time  required  approach  considerable  magnitudes.  For 
example,  the  interference  specification  on  a  current  Nortronics  pro¬ 
gram  requires  39  octaves  of  conducted  interference  measurements  and  39 
octaves  of  radiated  interference  measurements,  in  addition  to  a  corres¬ 
ponding  number  of  octaves  for  conducted  and  radiated  susceptibility 
measurements.  The  resultant  number  of  data-pieces  approaches  10,000 
for  one  typical,  multimode,  complex,  airborne  module. 
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Time  and  trained  technical  manpower  are  two  of  our  most  crit¬ 
ical  resources.  To  conserve  these  resources,  our  engineering  manpower 
must  be  used  in  as  efficient  a  manner  as  possible.  One  method  of  in¬ 
creasing  this  efficiency  is  by  reducing  the  number  of  men  and  the  time 
required  to  perform  interference  and  susceptibility  measurements.  This 
approach  leads  to  the  development  of  automatic  interference  and  sus¬ 
ceptibility  measurement  equipment.  Many  organizations,  including 
Nortronics ,  are  investigating  this  approach. 

Another  method  of  increasing  engineering  efficiency  is  by 
minimizing  the  engineering  time  required  for  the  reduction  and  presen¬ 
tation  of  the  Interference  and  susceptibility  data  gathered.  This  ap¬ 
proach  has  been  adopted  at  Nortronics  by  utilizing  a  digital  computer 
facility  to  process  all  interference  and  susceptibility  data.  The  proc¬ 
essed  data  is  presented  in  a  suitable  standardized  format  which  meets 
all  the  test  report  requirements  of  the  military  Interference  specifi¬ 
cations.  In  addition,  graphical  presentation  of  the  data  is  mechanized 
and  automated. 

The  advantages  inherent  in  this  program  over  conventional 
manual  Interference  data  reduction  techniques  are  of  three  types; 

1)  manpower  is  conserved  by  eliminating  manual  preparation  of  tabular 
data  sheets  and  graphs ,  2)  human  error  is  minimized  by  recording  and 
reducing  data  in  standardized,  mechanized  steps,  and  3)  report  format 
is  standardized  for  all  interference  and  susceptibility  measurements, 

II.  INTERFERENCE  DATA  BOOK 

The  heart  of  the  interference  data  reduction  program  is  the 
interference  test  Data  Book.  This  book  is  a  numbered  and  bound  volume 
of  50  pages,  with  each  page  numbered,  and  duplicate  vellum  tear-out 
sheets  for  each  page.  Figure  1  shows  a  sample  data  page.  Space  is 
available  for  recording  22  individual  measurements  of  any  specific  in¬ 
terference  or  susceptibility  type  over  certain  defined  frequency 
ranges.  For  example,  measurements  of  conducted  interference  with  a 
current  probe  over  the  frequency  range  of  30  cps  -  15  kc  would  be  on 
one  data  sheet;  the  same  type  of  measurements  from  15  kc  to  150  kc 
would  necessitate  a  separate  data  sheet,  as  would  measurements  with  an 
LSN.  The  format  of  the  program  is  arranged  so  that  only  those  fre¬ 
quencies  covered  by  one  Interference  meter  ,  or  a  tuning  head  of  that 
meter,  will  be  on  one  data  page.  All  descriptions  of  test  setup,  test 
equipment,  and  other  pertinent  test  details  are  contained  in  a  separate 
Engineering  Log  Book,  which  is  referenced  on  the  page  of  the  Data  Book. 
As  Is  seen  from  Figure  1,  space  is  available  on  the  data  sheet  for 
recording  the  date  of  test,  the  test  sample  serial  number,  the  date 
of  Interference  meter  calibration,  and  the  serial  number  of  the  inter¬ 
ference  meter  used. 


For  each  line  of  data,  space  is  available  for  recording  the 
band  of  the  interference  meter  used  and  whether  the  meter  is  directly 
calibrated  or  if  a  substitution  technique  has  been  used.  The  frequency 
of  measurement  is  recorded  directly  as  would  be  indicated  on  the  inter¬ 
ference  meter  used,  i.e.,  cps,  kc,  me,  or  kMc.  The  meter-indicated 
interference  voltage  (in  db  relative  to  1  uv  or  1  uv/mc)  is  recorded, 
as  well  as  the  radiated  ambient  or  internal  meter  noise  level,  depend¬ 
ing  on  whether  radiated  or  conducted  measurements  are  being  performed. 
Other  spaces  are  available  for  recording  the  type  of  signal,  CW  or  broad¬ 
band,  gain  and  bandwidth  correction  factors,  and  various  mismatch,  an¬ 
tenna,  and  transfer  impedance  factors.  While  determination  of  the  cal¬ 
culated  level  is  usually  left  for  computer  reduction,  space  is  available 
on  the  data  sheet  to  record  it,  if  desired. 

Naturally,  when  recording  susceptibility  data,  several  of 
the  columns  are  not  applicable  and  are  left  blank;  only  the  frequency, 
measured  susceptibility,  and  antenna  factors  for  radiated  susceptibil¬ 
ity  tests  are  entered.  These  empirically  determined  antenna  factors 
serve  to  enable  calculation  of  an  approximate  field  strength  or  field 
intensity  w,hlch  simulates  a  given  rf  environment. 

III.  CALCULATION  CODE 

The  key  to  the  data  reduction  program  under  discussion  is 
the  calculation  code;  this  is  a  four-digit  number  with  sign  (+xxxx) , 
which  appears  at  the  top  of  each  data  sheet.  This  number  codes  the 
information  concerning  type  of  measurement,  frequency  range  of  measure¬ 
ment,  type  of  interference  meter,  type  of  pickup  or  susceptibility  in¬ 
jection  device,  and  the  type  of  phenomena  under  measurement,  as  well 
as  the  instructions  to  the  computer  for  the  reduction  and  printout  of 
the  data.  Figure  2  shows  the  Inside  front  cover  of  a  Data  Book,  where¬ 
in  the  calculation  code  is  posted  for  convenient  reference.  As  can  be 
seen,  any  type  of  interference  or  susceptibility  measurement  in  current 
usage  from  30  cps  -  10  kNc  can  be  expressed  by  proper  combination  of 
the  four  digits  and  sign. 

The  sign,  +  or  - ,  indicates  whether  a  radiated  or  conducted 
measurement  is  being  performed,  and  hence,  whether  the  ambient  reading 
recorded  is  that  of  the  area  or  of  the  internal  instrument  noise  level. 
The  first  digit  of  the  calculation  code  specifies  whether  interference 
or  susceptibility  measurements  are  being  recorded,  and  if  interference 
measurements,  which  manufacturer  type  of  interference  meter  is  used. 

The  second  digit  of  the  code  defines  the  frequency  range  and,  if  ap¬ 
propriate,  the  specific  interference  meter  used.  The  pickup  or  sus¬ 
ceptibility  injection  device  is  indicated  by  the  third  digit  of  the 
code,  and  the  fourth  digit  both  indicates  the  type  of  measurement  and 
controls  the  computation  and  printout  format. 
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IV.  COMPUTER  PROGRAM 


After  the  data  sheets  have  been  filled  out,  the  duplicate 
vellum  tear-out  sheets  are  forwarded  to  the  computer  data  reduction 
facility  where  the  Information  on  the  sheets  is  used  to  prepare 
punched  cards.  One  master  card,  containing  the  information  at  the 
top  of  the  data  sheet  (see  Figure  1)  and  including  the  calculation 
code,  is  needed  for  each  data  sheet.  Each  line  of  data  on  the  sheet 
requires  an  additional  punched  card,  so  that  a  maximum  of  23  cards 
could  be  required  for  any  one  data  sheet.  After  the  master  card  and 
data  cards  are  prepared  for  each  data  sheet,  the  computer  utilizes 
a  program  as  shown  in  Figure  3  to  process  and  printout  the  data. 

After  reading  the  master  card,  the  computer  prints  the 
title,  reference  data,  date,  and  test  sample  serial  number.  The  com¬ 
puter  then  compares  the  calculation  code  with  the  stored  program  and 
decides  whether  Interference  or  susceptibility  test  data  is  being 
processed.  In  accordance  with  this  decision,  the  computer  prints 
the  frequency  range  or  interference  meter  used  and  the  appropriate 
column  headings.  An  auxiliary  program,  not  yet  in  use,  enables  the 
notes  on  the  data  sheet  to  be  Included  in  the  computer  printout.  The 
computer  then  prints  the  data  contained  on  the  punched  card  in  the 
appropriate  columnsof  the  tab  sheet.  Figure  4  shows  a  sample  printout 
for  interference  measurements.  As  this  figure  illustrates,  the  last 
three  columns  of  the  printout  contain  the  significant  test  informa¬ 
tion,  i.e.,  the  corrected  ambient  level,  the  corrected  true  signal 
level,  and  the  specification  limit  at  that  frequency.  The  true  sig¬ 
nal  level  used  is  the  square  root  of  the  difference  between  the  squares 
of  the  measured  signal  level  voltage  and  the  measured  ambient  voltage 
[W  .  Since  all  measurements  are  recorded  in  db  relative  to  one 

microvolt  or  one  microvol t/rac ,  it  is  necessary  for  the  computer  to 
find  the  antilog  of  the  recorded  measured  signal/ig  and  of  the  recorded 
ambient/lQ.  These  are  subtracted,  the  log  is  found,  multiplied  by 
ten,  and  then  the  various  correction  factors  are  applied  to  give  the 
corrected  true  signal  level  in  db.  Similarly,  the  specification  limit 
at  any  frequency  is  found  by  calculating  the  logarithm  of  the  frequen¬ 
cy  at  which  the  measurement  is  made,  multiplying  it  by  a  constant  and 
then  adding  another  constant  to  it.  Each  of  the  specification  limit 
curves  is  thus  broken  into  the  form  of  k  (log  f)+  c,  where  k  and  c  are 
constants  and  f  is  the  frequency  expressed  in  cps,  kc ,  or  me. 

Figures  5  and  6  are  further  illustrations  of  sample  computer 
printouts  for  various  interference  measurements. 

When  processing  susceptibility  data,  the  information  printed 
is  the  actual  level  of  threshold  susceptibility  of  the  test  sample, 
measured  either  in  volts  at  the  sample  input,  gauss,  or  volts  at  a 
radiating  antenna.  For  radiated  susceptibility  measurements,  an  empir¬ 
ical  antenna  factor  is  applied  which  permits  the  calculation  of  an 
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approximate  field  strength  or  field  Intensity  to  which  the  equipment 
is  being  subjected.  This  level  serves  to  give  rough  correlation  with 
the  expected  environment  to  which  the  equipment  will  be  exposed. 

Figures  7  and  8  show  sample  susceptibility  printouts. 

V.  GRAPHICAL  PLOTTING 

The  time  required  to  plot  a  graph  of  Interference  or  suscep¬ 
tibility  levels  represents  yet  another  costly  use  of  engineering  man¬ 
power.  An  automated  approach  can  save  much  time  in  this  area  and  has 
the  further  benefit  of  standardizing  all  graphical  plotting.  The 
simplest  approach  to  mechanization  consists  of  using  an  X-Y  plotter 
(Mosley  Autograf)  with  a  digital  keyboard  (model  40c) ,  in  conjunction 
with  a  logarithmic  converter  (model  60B)  for  the  X  axis  so  that  fre¬ 
quency  may  be  displayed  on  a  logarithmic  scale.  A  character  printer 
(model  D-IA)  is  used  on  the  plotter  so  that  the  ambient  level  and  in¬ 
terference  level  for  different  modes  of  equipment  operation  can  each 
be  plotted  with  a  different  symbol.  In  this  method  of  operation,  the 
data  is  entered  manually  on  the  digital  keyboard  from  the  tabulated 
data  sheets. 

To  fully  automate  graphical  plotting  of  interference  data, 
the  cop’putsr  which  processes  the  data  also  generates  punched  cards 
(or  tape)  showing  the  calculated  interference  and  ambient  levels  at 
each  frequency  of  measurement.  The  cards  (or  tape)  are  then  fed  to 
an  IBM  523  Summary  Card  Reader  which  is  connected  to  a  Digital  Data 
Translator  (Dymec  DY-2742) .  This  feeds  the  data  through  the  logarith¬ 
mic  converter  to  the  X-Y  plotter  at  the  rate  of  50  points  per  minute. 

One  plotting  run  is  required  for  the  ambient  level  and  one  for  the 
signal  level.  Special  graph  sheets  having  the  Interference  and  sus¬ 
ceptibility  limits  already  printed  thereon  are  used,  and  the  only  task 
required  of  the  human  operator  is  to  Insert  these  sheets  into  the 
plotter  and  to  ensure  its  proper  calibration. 

VI.  CONCLUSION 

The  data  program  which  has  been  discussed  herein  trades  inter¬ 
ference  engineering  manpower  for  computer  time.  The  data  reduction 
task  of  the  interference  engineer  ceases  upon  filling  out  the  data  book 
page;  the  computer  facility  returns  to  him  tabulated  data  sheets  and 
complete  graphs.  Whether  this  choice  is  practical  for  all  companies 
depends,  of  course,  on  the  amount  of  interference  data  to  be  processed 
and  the  availability  of  computing  and  plotting  equipment.  For  those 
companies  having  large  amounts  of  interference  work  and  the  availabil¬ 
ity  of  computer  data  reduction  facilities,  the  use  of  an  automated  data 
reduction  and  presentation  program  seems  logical.  Equally  logical  is 
the  next  step  in  the  serai-automation  of  interference  testing,  wherein 
the  data  and  all  correction  factors  will  be  recorded  directly  on  punched 
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cards  by  the  Interference  meter  operator,  thus  eliminating  the  need  for 
manual  recording  of  data.  This  finally  leads  to  the  completely  auto¬ 
mated  operation  of  Interference  testing,  wherein  the  Interference  meter 
has  Internal  storage  of  all  correction  factors,  and  Itself  generates 
the  punched  cards,  thus  displacing  the  human  operator.  By  feeding  the 
punched  cards  directly  to  the  X-Y  plotter  system,  the  Interference  meter 
w.'ll  produce  a  rapid,  graphical  plot  of  all  data.  Thus,  at  some  future 
point  in  time,  the  main  task  of  the  interference  test  engineer  will  be 
the  evaluation  of  the  test  data,  and  a  computer  program  can  no  doubt 
also  be  devised  for  that  task.  However,  non-automated  homo  sapiens 
will  continue  to  make  fixes  as  required. 
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ELECTROMAGNETIC  INTERFERENCE  MEASUREMENTS 
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CACULATiON  CODE 
(a  four  digit  number  with  sign:  ±  XXXX) 


SIGN; 

+  is  for  “area  ambient”  measurement 
~  is  far  "instrument  ambient”  measurement 

FIRST  DIGIT: 

COCO  Stoddart  or  Polorad  FIM  measurement  device 
loco  Empire  Devices  NF— 105  or  NF  —  112  instrument 
2000  indicates  a  susceptibility  device 

SECOND  DIGIT  (instrument  and  corresponding  frequency  range): 


0100 

NM-40 

(  30  cps  - 

15  kc  ) 

0200 

NM-10 

1200  NF-105,  TX-105 

(  15kc  - 

150  kc  ) 

0300 

NM-20 

1300  NF-105,  TA-105 

(150  kc  - 

25  me  ) 

0400 

NM-30 

1400  NF~105,  Tl-105 

(  25  me  - 

200  me  ) 

0500 

NM-30 

1500  NF-105,  T2-105 

(200  me  - 

400  me  ) 

0600 

NM-50 

1600  NF-105,  T3-105 

(400  me  - 

1000  me  ) 

0700 

URM-42 

1700  NF-112 

(  1  kmc  - 

10  kmc) 

0800 

FIM 

(  1  kmc  - 

10  kmc) 

THIRD  DIGIT  (pickup  or  susceptibility  device); 
0010  Rod  Antenna 
0020  Current  Probe 
QQ30  Loop  Antenna 
0040  Horn  Antenna 
0050  Dipole  Antenna 

0060  Line  Impedance  Stabilization  Network 
0070  Broadband  Antenna 
0080  Isolation  Transformer 
0090  Capacitance  Network 


FOURTH  DIGIT  (type  of  measurement  and  computation  scheme): 
0001  RF  Voltage 
00G2  Conducted  Current 
0003  Antenna  Induced  Voltage 
0004  Electric  Field  Strength 
0005  Field  Intensity 
0006  Mognetic  Field  Strength 
0007  Audio  Voltage 
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ELECTROMAGNETIC  INTERFERENCE  DATA 


REFERENCE®  LOG  BOOK  A-714  PAGE  22,  DATA  BOOK  A-  2  PAGE  39,  AUG  15  1961 
TEST  SAMPLE(462-3) 

LINE  MEASURED 

EQUIPMENT®  NF-105,  TA-105  SERIAL  NO.  1517  CALIBRATED  JUN  14  1961 
***RF  VOLTAGE  MEASUREMENTS( IMPEDANCE  STABILIZATION  NETWORK)*** 


B  M  DETECTOR  MEASURED  T  DETECTOR  SIGNAL  CALCULATED  LEVELS 

A  E  CENTER  VOLTAGE  Y  GAIN  AND  LOSS  (DB*UV)  OR  (DB*UV/MC) 
N  T  FREQUENCY  PK(BB)-FI (CW)  P  BANDWIDTH  CORR  FIFTY-OHM  IMPEDANCE 

D  H  SIGNAL  MET  AMB  E  FACTOR 

0  AMBIENT  SIGNAL  SPEC 


(MC) 

(DB) 

(DB) 

(DB) 

(DB) 

(DB) 

(DB)  (DB) 

0.150 

68.0 

4.0 

CW 

0.0 

0.0 

4.00 

67.99 

62.50 

0.270 

67.0 

7.0 

CW 

0.0 

0.0 

7.00 

66.99 

57.73 

0.310 

65.0 

4.0 

CW 

0.0 

0.0 

4.00 

64.99 

56.61 

0.535 

76.0 

6.0 

CW 

0.0 

0.0 

6.00 

75.99 

52.17 

0.625 

66.0 

5.0 

CW 

0.0 

0.0 

5.00 

65.99 

50.91 

0.700 

64.0 

6.0 

CW 

0.0 

0.0 

6.00 

63.99 

49.99 

0.820 

57.0 

6.0 

CW 

0.0 

0.0 

6.00 

56.99 

48.71 

1.08 

72.0 

7.0 

CW 

0.0 

0.0 

7.00 

71.99 

46.47 

1.47 

65.0 

13.0 

BB 

0,0 

0.0 

13.00 

64.99 

85.04 

1.62 

64.0 

6,0 

CW 

0.0 

0.0 

6.00 

63.99 

43.13 

2.16 

88.0 

4.0 

CW 

0.0 

0.0 

4.00 

87.99 

40.04 

2.70 

83.0 

5.0 

CW 

0.0 

0.0 

5.00 

82.99 

39.03 

3.25 

85.0 

6.0 

CW 

0.0 

0.0 

6.00 

84.99 

37.52 

3.80 

66.0 

3.0 

CW 

0.0 

0.0 

3.00 

65.99 

36.25 

4.60 

55.0 

2.0 

CW 

0.0 

0.0 

2.00 

54.99 

34.70 

6.50 

59.0 

4.0 

CW 

0.0 

0.0 

4,00 

58.99 

34.00 

8.60 

55.0 

3.0 

CW 

0.0 

0.0 

3.00 

54.99 

34.00 

10.2 

43.0 

5.0 

CW 

0.0 

0.0 

5.00 

42.99 

34.00 

13.0 

43.0 

4.0 

CW 

0.0 

0.0 

4.00 

42.99 

34.00 

16.0 

52,0 

6.0 

c\/ 

0.0 

0.0 

6.00 

51.99 

34.00 

18.5 

54.0 

8.0 

CM 

0.0 

0.0 

8.00 

53.99 

34.00 

24.0 

57.0 

15.0 

CM 

0.0 

0.0 

15.00 

56.99 

34.00 

ELECTROMAGNETIC  INTERFERENCE  DATA 


REFERENCE-  LOG  BOOK  A-812  PAGE  24,  DATA  BOOK  A-  2  PAGE  40,  AUG  16  1961 
TEST  SAMPLE(l43-2) 

ANTENNA  LOCATION 

EQUIPMENT-  NF-105,  T1-105  SERIAL  NO.  15?7  CALIBRATED  SEP  16  1961 

***ANTENNA  INDUCED  VOLTAGE  MEASUREMENTS (D I  POLE  ANTENNA)*** 

B  M  DBTECTOR  MEASURED  T  DETECTOR  ANTENf4A  CALCULATED  LEVELS 

A  E  QENTER  VOLTAGE  Y  GAIN  AND  INDUCED  (DB*UV)  OR  (DB*UV/MC) 

N  T  FREQUENCY  PK(BB)-FI  (CV7)  P  BANDWIDTH  VOLTAGE  ANTENNA  INDUCED 


D 

H 

0 

D 

SIGNAL 

Rh'  AMB  E 

FACTOR 

(MC) 

(DB) 

(DE) 

(DB) 

1 

S 

25.0 

48.0 

0.0 

ur. 

0.0 

1 

s 

26.0 

52.0 

0.0 

BB 

0,0 

1 

s 

23.0 

53.0 

0.0 

BB 

0.0 

1 

31.0 

51.0 

0.0 

BB 

0.0 

1 

s 

35.0 

50.0 

0.0 

BB 

0.0 

1 

s 

40.0 

46.0 

0.0 

BB 

0.0 

1 

s 

50.0 

54.0 

0.0 

BB 

0.0 

1 

s 

60.0 

57.0 

0.0 

BB 

0.0 

2 

s 

70.0 

54.0 

0.0 

BB 

0.0 

2 

s 

80.0 

53.0 

0.0 

BB 

0.0 

2 

s 

90.0 

55.0 

0.0 

BB 

0.0 

2 

s 

100.0 

57.0 

0.0 

DB 

0.0 

2 

s 

110.0 

55,0 

0.0 

BB 

0.0 

2 

s 

120.0 

57.0 

0.0 

BB 

0.0 

2 

s 

130.0 

54.0 

0.0 

BB 

0.0 

2 

s 

140.0 

56.0 

0.0 

BB 

0.0 

2 

s 

150.0 

44,0 

0.0 

BB 

0.0 

2 

s 

160.0 

48.0 

0.0 

BB 

0.0 

2 

s 

170.0 

56.0 

0.0 

BB 

0.0 

2 

s 

180.0 

48.0 

0.0 

BB 

0.0 

2 

s 

190,0 

44.0 

0.0 

BB 

0.0 

2 

s 

200.0 

42.0 

0.0 

BB 

0.0 

COfvR 

AMBIENT  SIGNAL  SPEC 


(DB) 

(DB) 

(DB) 

(DB) 

+  8.2 

8.20 

56.19 

43.81 

+  8,2 

8.20 

60.19 

44.51 

+  8,3 

8.30 

61.29 

45.83 

+  8.3 

8.30 

59.29 

47.64 

+  8.4 

8.40 

58.39 

50.04 

+  8.6 

8,60 

54.59 

50.46 

+  8.7 

8.70 

62.69 

51.16 

+  8.7 

8.70 

65.69 

51.73 

+  8.8 

8.80 

62.79 

52.22 

+  8.9 

8.90 

61.89 

52.64 

+  9.0 

9.00 

63.99 

53.00 

+  9.1 

9.10 

66.09 

53.34 

+  9.1 

9.10 

64.09 

53.63 

+  9.2 

9.20 

66.09 

53.91 

+  9.2 

9.20 

63.19 

54.16 

+  9.3 

9.30 

65.29 

54.39 

+  9.4 

9.40 

53.39 

54.61 

+  9.5 

9.50 

57.49 

54.81 

+  9.5 

9.50 

65.49 

55.00 

+  9.6 

9,60 

57.59 

55.18 

+  9.6 

9.60 

53.59 

55.35 

+  9.7 

9.70 

51.69 

55.51 
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ELECTROt'AGNETIC  INTERFERENCE  DATA 


REFEREMCEr=  LOG  BOOK  A-546  PAGE  32,  DATA  BOOK  A-  2  PAGE  41,  AUG  16  1961 
TEST  SAh'PLE(  892) 

LINE  MEASURED 
RANGE=  30  CPS  -  15  KC 

>v**audio  voltage  susceptibility  measurementsc isolation  transformer)*** 


SUSCEPT 

FREO 

(CPS) 

THRESHOLD 

SUSCEPTIBILITY 

(VOLTS) 

SPEC 

LIMIT 

(VOLTS) 

33. 

1.21 

3.0 

45. 

1.02 

3.0 

50. 

1.96 

3.0 

60. 

2.03 

3.0 

100. 

2.14 

3.0 

200, 

2.21 

3.0 

300. 

2.39 

3.0 

1000. 

2.66 

3.0 

1500. 

2.58 

3.0 

2000. 

2.92 

3.0 

3000. 

2.83 

3.0 

3500. 

2.64 

3.0 

4500. 

1.82 

3.0 

6000. 

1.31 

3.0 

8000. 

2.01 

3.0 

10000. 

2.00 

3.0 

10500. 

2.02 

3.0 

11000. 

2.21 

3.0 

12000. 

2.31 

3.0 

13000. 

2.42 

3.0 

14000. 

2.82 

3.0 

15000. 

2.99 

3,0 
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ELECTROMAGNETIC  INTERFERENCE  DATA 

reference^  log  book  A-546  page  34,  DATA  BOOK  A-  2  PAGE  42,  AUG  18  1961 

TEST  SAMPLE (  892) 

antenna  location 

RAHGEa  200  MC  -  400  MC 

***fIELD  intensity  susceptibility  measurements (dipole  ANTENNA)*** 


SUSCEPT 

FREQ 

(MC) 


THRESHOLD 

SUSCEPTIBILITY 

(VOLTS) 


SPEC  ANTENNA 
limit  FACTOR 
(VOLTS)  (DB) 


CALCULATED 
FIELD  INTENSITY 
{DB*V/M)  (V/M) 


204.0 

210.0 

234.0 

250.0 

282.0 

298.0 

306.0 

310.0 

312.0 

325.0 

328.0 

330.0 

335.0 

338.0 

350.0 

355.0 

360.0 

370.0 

380.0 

385.0 

390.0 

400.0 


9.84 

9.42 
9.32 
9.21 
9.24 
9.28 

9.31 
9.12 
9.04 
8.91^ 

8.92 

8.43 

7.92 

7.93 
7.95 
8.00 
8.05 
8.10 
8.21 

8.32 
8.42 
8.53 


0.1 

- 

8.0 

0.1 

- 

7.0 

0.1 

- 

5.0 

0.1 

- 

3.0 

0.1 

- 

2.0 

0.1 

- 

1.0 

0.1 

- 

1.0 

0.1 

0.0 

0.1 

0.0 

0.1 

0.5 

0.1 

0.5 

0.1 

0.5 

0.1 

0.5 

0.1 

1.0 

0.1 

1.0 

0.1 

1.0 

0,1 

1.5 

0,1 

1.5 

0.1 

2.0 

0.1 

2.0 

0.1 

2.0 

0.1 

2,5 

12.40 
14.38 
16.28 
17.31 
18.35 
18.37 
19.19 
19.12 
19.52 

19.50 
19.01 
18.47 
18.98 
19.00 
19.06 
19.61 
19.66 
20.28 

20.40 

20.50 

21.11 


3.917 

4,207 

5.241 

6.520 

7.339 

8.270 

8.297 

9.119 

9.039 

9.469 

9.448 

8.929 

8.389 

8.897 

8.920 

8.976 

9.567 

9.626 

10.335 

10.474 

10.600 

11.374 
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PREPARATION  OF  STATISTICAL  INPUT  FUNCTIONS 
FOR  INTERFERENCE  PREDICTION 


K.  G,  Heisler,  Jr. 

Jansky  &  Bailey 

A  Division  of  Atlantic  Research  Corporation 
Alexandria,  Va. 


Abstract.  Interference  prediction  is,  to  a  great  extent,  a  statistical  problem. 
Most  cases  of  practical  importance  fall  in  the  region  of  uncertainty  lying  between 
those  systems  confidently  compatible  within  their  environments  and  those 
systems  completely  incompatible  within  their  environments. 

Since  the  inputs  for  interference  analysis  have  by  nature  significant  random 
components,  determining  the  characteristics  of  the  random  variations  is  a 
prime  part  of  preparing  input  functions. 

This  paper  explores  examples  of  statistical  methods  that  may  be  used  and 
discusses  some  tentative  conclusions.  The  more  important  conclusions  are; 

1.  The  average  harmonic  output  from  transmitters  decreases  with 
increasing  harmonic  number  and  follows  a  straight  line  with  the  logarithm 
of  harmonic  number. 


2.  A  number  of  random  variables  introduce  a  random  deviation  from 
the  average  harmonic  output  from  transmitters,  which  is  distributed  normally 
at  each  harmonic  and  has  a  standard  deviation  that  is  independent  of  harmonic 
number. 


3.  Most  spurious  response  frequencies  for  superheterodyne  receivers 
are  predictable  from,  the  equation 

pf  +  f 

£  _ _ o _ ~  if 

q 


where 

f 


=  the  spurious  response  frequency 
=  the  local  oscillator  frequency  of  the  receiver 
-  the  IF  frequency  of  the  receiver 
=  harmonic  number  associated  with  f  q 
=  harmonic  number  associated  with  f 


It  has  been  tcntatibely  concluded  that  the  average  power  required  to  interfere 
with  the  receiver  decreases  with  increasing  p  and  follows  a  different  straight 
line  with  the  logarithm  of  p  for  each  q. 
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4.  A  number  of  random  variables  introduce  a  random  deviation  from 
the  average  power  required  to  interfere  with  the  receiver  which  is  distributed 
normally  at  each  p  and  has  a  standard  deviation  that  is  independent  of  p. 

A  number  of  tentative  conclusions  are  drawn  concerning  the  nature  of  the 
antenna  pattern  distribution  function. 


The  type  of  interference  prediction  answers  these  forms  of  input  functions 
will  provide  is  briefly  discussed. 


I .  INTRODUCTION 

In  the  affairs  of  man,  nothing  is  either  all  good  or  all 
bad.  So  it  is  with  interference.  As  Fig.  1  portrays,  there  is  a 
middle  ground  between  an  assured  knowledge  of  interference  and  an 
assured  knowledge  of  no  interference  in  which  the  interference 
situation  is  at  best  uncertain,  even  when  the  problem  is  subjected 
to  the  most  rigorous  forms  of  attack. 

To  accomplish  interference  analysis,  the  first  temptation 
is  to  consider  worst-possible  situations,  thereby  transferring  this 
middle  region  of  uncertain  interference  into  the  completely  useless 
range  of  certain  interference.  The  worst-possible  situation  type 
of  approach  is  all  right  if  the  middle  region  is  small.  unfortu¬ 
nately,  however,  the  region  of  uncertain  interference  must  be  used 
if  the  existing  electromagnetic  requixemeuls  are  to  be  even  approx¬ 
imately  fulfilled.  In  fact,  most  of  the  important  equipments  today 
are  already  operating  in  this  middle  region  between  no  interference 
and  certain  interference. 

Thus,  we  must  be  able  to  predict  interference  when  we  can 
be  certain  it  occurs  and  to  analyze  the  causes  of  interference.  We 
must  be  able  to  predict  the  absence  of  interference  when  we  can  be 
sure  it  is  truly  absent.  Finally,  and  most  important  of  all,  we 
must  be  able  to  predict  the  possibility  (probability)  of  interference 
when  the  situation  is  uncertain.  Only  in  this  way  can  we  provide 
system  planners  with  the  information  they  need  to  properly  consider 
all  of  the  odds  and  decide  upon  the  most  expedient  system  among  the 
many  trade-offs  that  may  be  made. 

In  order  to  predict  and  analyze  interference  in  the  large 
region  of  uncertainty,  it  is  important  that  we  gain  an  insight  into 
the  detailed  statistical  characteristics  of  the  random  variables 
that  give  rise  to  the  uncertainty. 

Recently  an  intensive  study  of  the  available  measured  data 
for  the  input  functions  to  interference  analysis  was  carried  out. 

This  study  has  led  to  some  important  conclusions  concerning  the 
spectral  output  power  of  transmitters  and  the  response  spectra  of 
receivers.  The  following  discussion  will  present  these  conclusions 


*  Tsiis  work  was  supported  in  part  by  Rome  Air  Development  Center 
under  Contract  AF  30 (602 ) -1934 . 
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along  with  some  general  discussion  of  the  methods  that  have  been 
used  to  arrive  at  the  conclusions. 

II.  TRANSMITTER  SPECTRA 

Fig.  2  is  a  typical  measured  spectrum  from  an  existing  clas¬ 
sified  radar  transmitter.  It  has  been  generally  concluded  in  the 
past  that  little  information  is  represented  by  this  single  spectrum 
since  the  spectrum  is  a  function  of  a  number  of  random  variables 
which  have  a  significant  effect  on  the  power  output  at  each  harmonic. 
Actually,  with  a  proper  understanding  of  the  detailed  statistical 
characteristics  of  transmitter  spectra,  one  can  deduce  a  great  deal 
more  information  from  a  single  spectrum  than  appears  on  the  surface. 

Before  discussing  in  any  detail  the  amount  of  information 
that  may  be  extracted  from  a  single  spectrum,  it  will  be  necessary 
to  discuss  the  statistical  characteristics  of  transmitter  speuLra 
in  general.  To  carry  out  the  discussion,  a  sample  analysis  will 
be  presented  based  on  33  different  spectra  from  the  transmitter  that 
was  used  to  generate  the  spectrum  shown  in  Fig.  2.  The  33  samples 
produce  a  data  spread  that  is  typical  of  many  equipments  observed 
to  dote.  Fig.  ^  portrays  the  data  snread  for  this  illustrative  case 
and  as  is  expected  the  spread  is  large.  Based  on  an  examination  of 
a  number  of  plots  of  the  type  shown  in  Fig.  3,  it  is  immediately 
suspected  that  two  phenomena  are  taking  place. 

(1)  In  general  the  power  output  is  decreasing  with 
increasing  harmonic  number. 

(2)  There  are  other  variables  involved  which  are 
introducing  a  large  variability  in  the  data 
at  each  harmonic. 

The  questions  to  be  answered  are:  What  is  the  functional 
relationship  between  harmonic  number  and  power  output?  What  is  the 
nature  of  variability  at  each  harmonic?  Is  the  variability  depen¬ 
dent  upon  harmonic  number?  What  other  variables  might  the  varia¬ 
bility  be  dependent  upon?  Is  the  variability  random?  If  so,  what 
are  t  he  statistical  characteristics  of  the  variability? 

The  following  paragraphs  will  be  directed  toward  the  devel¬ 
opment  of  a  satisfactory  approximation  to  the  functional  relation¬ 
ship  between  harmonic  number  and  transmitter  power  output.  Evidence 
will  be  presented  in  favor  of  the  tneory  that  the  variability  at 
each  harmonic  may  be  considered  as  random  aiid  statistics  will  be 
presented  which  adequately  describe  the  variability. 

The  median  value  of  harmonic  power  output  is  shown  by  the 
horizontal  bars  on  Fig.  3.  The  median  value  at  each  harmonic  tends 
to  decrease  with  increasing  harmonic  number.  Thus,  the  lowest  values 
in  the  range  of  observed  values  also  decrease  as  the  harmonic  number 
increases.  We  see  on  Fig.  3  that  at  the  5th  harmonic  the  range  of 
observed  values  has  decreased  to  a  point  that  has  forced  several  of 
the  values  that  should  have  been  observed  below  the  noise  level. 


Although  it  is  known  that  these  values  exist,  they  cannot  be 
measured  and  therefore  cannot  be  used  in  any  but  the  more  complex 
types  of  statistical  inquiries.  The  fact  that  some  of  the  values 
have  dropped  below  the  noise  level  is  shown  on  Fig.  3  by  the  miss¬ 
ing  lower  portions  of  each  data  range.  As  long  as  the  median  value 
is  above  the  noise  level  at  a  particular  harmonic  some  information 
can  be  extracted  at  that  harmonic  without  undue  complications.  How¬ 
ever  in  the  present  case,  above  the  7th  harmonic,  tne  median  value 
falls  below  the  noise  level  and  the  few  data  points  which  were  avail¬ 
able  have  been  discarded  as  practically  useless. 

The  first  question  to  be  answered  is:  What  is  the  function¬ 
al  relationship  between  transmitter  power  output  and  harmonic  number? 
In  order  to  find  the  functional  relationship,  some  curve  fitting 
will  be  attempted.  The  first  and  most  desirable  possibility  that 
comes  to  mind  is  a  straight  line.  Figure  4  shows  the  results  of 
fitting  a  straight  line  to  the  median  values  of  the  sample  shown 
in  Fig.  3.  The  sum  of  the  squared  deviations  from  this  curve  is 
significantly  high,  being  45.  More  important,  however,  is  that 
the  median  values  denoted  by  the  plotted  points  on  Fig.  4  have  an 
obvious  systematic  deviation  from  the  solid  straight  line  which 
was  fit  to  them.  The  deviation  shown  by  the  dotted  line  is  sug¬ 
gestive  of  a  logarithmic  curve.  Obviously,  the  next  step  is  to 
fit  a  logarithmic  cvirve  and  see  if  it  does  represent  the  desired 
luncxionai  relationship  more  adequaLely.  To  fit  a  logarithmic 
curve,  it  is  only  necessary  to  change  the  independent  variable 
from  harmonic  number  to  the  logarithmic  number  by  replotting  the 
data  on  semi log  paper  and  then  fitting  a  new  straignt  line  to  the 
replotted  data.  The  new  straight  line  will  represent  the  best 
logarithmic  function  which  could  be  fit  to  the  data.  Tne  result 
of  the  above  steps  is  shown  in  Fig.  5.  The  sura  of  the  squared 
deviations  of  the  data  points  from  the  line  shown  in  Fig.  5  has 
dropped  to  14  which  is  much  more  satisfactory.  Of  much  greater 
importance  is  the  fact  that  the  data  points  have  no  significant 
systematic  departure  from  the  logarithmic  fit  represented  by  Fig.  5. 
Thus  it  appears  that  a  satisfactory  fit  has  been  found  to  the  points 
and  it  may  be  said  that  the  median  power  output,  P  in  db  down  from 
the  fundamental  power  output  for  transmitters  may  be  expressed  as 


P  =  A  log  n  +  B 


where  n  is  the  harmonic  number  (  n  >  2)  and  A  and  B  are  constants 
which  must  be  evaluated  for  each  equipment.  For  the  equipment  used 
in  the  present  example,  A  =  43  and  B  =  36, 

The  evidence  that  the  .functional  relationship  between  power 
output  and  harmonic  number  from  transmitters  is  logarithmic  is  so 
strong,  upon  examination  of  a  number  of  different  equipment,  that 
the  result  will  be  stated  formally  as  Hypothesis  I. 
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Hypothesis  I.  The  median  harmonic  output  from  a  transmitter 
decreases  with  increasing  harmonic  number  and 
follows  a  straight  line  with  the  logarithm  of 
harmonic  number. 

The  next  step  is  to  inquire  into  the  nature  of  the  vari¬ 
ability  of  the  data  at  each  harmonic.  The  task  of  using  the  data 
would  be  greatly  simplified  if  it  were  true  that  the  data  are 
normally  distributed,  since  the  normal  distribution  is  one  of  the 
most  common  and  easily  handled  types  of  statistical  distributions. 

An  adequate  method  for  determining  the  normality  of  the  data  is  to 
assume  that  it  is  normal,  estimate  its  standard  deviation  and  mean 
value,  and  then  use  one  of  the  several  statistical  methods  which 
are  available  to  test  the  credulity  of  the  normality  assumption. 

As  an  example,  the  2nd,  3rd  and  4th  harmonics  from  the 
sample  transmitter  will  be  tested  for  normality  by  means  of  the 
commonly  used  chi-squared  test^.  The  5th,  6th  and  7th  harmonics 
were  not  tested  since  some  of  the  sample  values  for  these  higher 
harmonics  were  lost  in  the  noise  and  a  sufficient  number  of  samples 
did  not  remain. 

At  the  2nd  harmonic,  33  values  were  measured.  The  hypo¬ 
thesis  that  we  would  like  to  test  is  that  these  33  values  were 
drawn  at  random  from  an  infinite  set  of  values  (commonly  known  as 
a  population)  that  are  normally  distributed.  From  our  sample  of 
33  values  we  can  estimate  the  characteristics  of  the  parent  popula¬ 
tion.  We  can  then  compute  the  deviation  of  our  33  sample  values 
from  the  ideal  normal  distribution  which  has  been  hypothesized. 

Now  it  is  important  to  note  that  even  if  the  parent  population  is 
normally  distributed,  we  would  expect  o»r  33  samples  to  display 
some  deviation  from  normality.  Indeed,  statistical  theory  tells 
us  just  how  likely  each  possible  deviation  is.  If  we  observe  a 
deviation  that  is  too  unlikely,  we  can  conclude  that  the  parent 
population  from  which  we  drew  our  samples  was  not  normal.  However, 
if  the  observed  deviation  from  normality  is  fairly  likely,  then 
we  can  conclude  that  there  is  no  evidence  in  the  observed  data  to 
rule  against  normality,  which  when  repeatedly  observed  becomes 
strong  evidence  in  favor  of  the  theory  that  the  parent  population 
is  indeed  normally  distributed. 

The  curve  of  Fig.  6  is  the  distribution  of  the  possible 
deviations  from  normality  that  would  be  observed  if  we  estimated 
the  normsil  characteristics  from  33  samples  that  were  drawn  from  a 
much  larger  normal  population.  The  vertical  axis  is  a  measure  of 
the  observed  deviation  from  the  normal.  The  horizontal  axis  is 
the  probability  that  we  would  not  observe  a  deviation  this  great 
if  all  our  normality  assumptions  are  correct.  Thus,  the  horizontal 
axis  of  Fig.  6  becomes  a  measure  of  the  significance  of  the  observed 
deviation.  If  the  significance  of  the  observed  deviation  is  greater 
than  95,  we  will  in  general  rule  that  the  parent  population  was  not 
normally  distributed.  If  the  significance  of  the  observed  deviation 
is  less  than  95,  we  will  conclude  that  the  normality  assumption  con- 


cerning  the  parent  population  was  correct  at  least  as  far  as  the 
particular  set  of  samples  is  concerned. 

The  deviation  from  normality  of  our  33  samples  taken  at  the 
2nd  harmonic  of  the  radar  transmitter  is  1.8  as  shown  in  Fig.  6.  A 
deviation  of  1.8  has  a  significance  of  only  38,  certainly  not  ruling 
against  normality  at  the  2nd  harmonic.  Figure  6  also  shows  that  the 
level  of  significance  at  the  3rd  harmonic  is  only  52  and  at  the  4th 
harmonic  only  40,  all  well  below  the  rejection  level  of  95, 

Repeated  observations  of  this  type  give  strong  indications 
that  at  each  harmonic  from  a  transmitter  the  variations  due  to 
different  serial  numbers,  tuned  frequencies,  output  tubes  and  the 
like  are  normally  distributed. 

We  now  know  the  type  of  statistical  distribution,  and 
from  Hypothesis  I  we  know  how  to  find  and  represent  the  median 
value  of  this  distribution.  The  standard  deviation  of  the  distri¬ 
bution  is  the  one  remaining  bit  of  data  that  is  needed  to  completely 
specify  the  harmonic  output  levels. 

Our  set  of  33  samples  at  each  harmonic  provided  an  estimate 
of  the  standard  deviation.  Since  the  estimate  is  based  on  a  rela¬ 
tively  small  sample  there  is  to  be  expected  a  great  deal  of  deviation 
from  the  true  standard  deviations.  We  do  expect,  however,  to  see  a 
noticeable  upward  or  downward  trend  in  the  standard  deviation  as  har¬ 
monic  number  increases.  In  fact,  intuitively  it  would  seem  that  the 
standard  deviation  (which  is  a  direct  measure  of  the  variability  or 
data  spread)  should  increase  with  increasing  harmonic  number.  To 
our  surprise,  statistically,  we  were  unable  to  find  any  trend  in  the 
standard  deviation  with  increasing  harmonic  number.  Thus,  the  possi¬ 
bility  that  the  standard  deviation  at  each  harmonic  is  independent 
of  harmonic  number  is  to  be  theorized.  If  true,  this  means  that  all 
measured  harmonic  levels  are  drawn  from  the  same  normally  distributed 
population  regardless  of  the  harmonic  at  which  they  were  drawn.  The 
only  difference  between  harmonics  is  that  each  value  is  biased  by 
some  amount  that  depends  solely  on  harmonic  number. 

Thus,  we  form  still  another  hypothesis  to  be  tested,  which 
states  that  the  standard  deviations  of  our  normal  distributions  at 
each  harmonic  are  independent  of  harmonic  number.  This  hypothesis 
has  been  tested  in  exactly  the  same  way  that  the  normality  hypothsfes 
was  tested  at  each  harmonic.  We  assume  that  all  samples  for  all 
seven  harmonics  shown  on  Fig.  3  were  drawn  from  the  same  normal  dis¬ 
tribution  but  that  their  values  were  biased  at  each  harmonic  by  a 
value  predicted  by  the  solid  line  of  Fig.  5.  It  will  be  recalled 
that  Fig.  5  shows  the  functional  relationship  between  the  median 
value  of  harmonic  output  and  the  harmonics  number. 

Figure  6  shows  that  the  deviation  from  normality  which 
was  observed,  under  the  assumption  that  the  standard  deviation  at 
each  hai’monic  is  independent  of  harmonic  number,  has  a  significance 


of  only  72,  again  well  below  our  rejection  level  of  95. 

The  results  so  far  can  be  summed  up  in  the  two  following 
hypotheses : 

Hypothesis  I.  The  average  harmonic  output  from  transmitters 
decreases  with  increasing  harmonic  number  and 
follows  a  straight  line  with  the  logarithm  of 
harmonic  number. 


Hypothesis  II .  A  number  of  random  variables  introduce  a  ran¬ 
dom  deviation  from  the  average  harmonic  out¬ 
put  from  the  transmitter,  which  is  distributed 
normally  at  each  harmonic  and  has  a  standard 
deviation  that  is  independent  of  harmonic  number. 


There  exists  strong  evidence  in  favor  of  these  two  hypotheses  and 
if  they  are  correct  our  confidence  in  them  will  grow  as  more  data 
are  collected. 

It  is  of  interest  to  give  one  more  example  of  the  testing 
of  these  two  hypotheses  against  measured  data.  In  this  case,  we 
will  use  a  communications  transmitter.  Figure  7  shows  that  the 
significance  of  the  observed  deviation  from  normality  for  the  2nd 
through  24th  harmonic  of  a  typical  HF  transmitter  is  88  which  is 
safely  below  the  rejection  level  of  95. 

If  Hypotheses  I  and  II  hold,  then  we  see  that  Fig.  2  no 
longer  represents  one  sample  from  each  of  seven  different  statis¬ 
tical  distributions,  but  rather  seven  samples  from  the  same  distri¬ 
bution.  Thus,  it  turns  out  that  a  single  spectrum  can  provide  a 
significant  amount  of  information.  A  least  squares  fit  to  the 
spectrum  will  provide  an  estimate  of  the  median  value  at  each  har¬ 
monic  and  the  deviation  of  the  spectral  values  from  this  straight 
line  will  provide  an  estimate  of  the  standard  deviation  which  under 
Hypothesis  II  is  the  same  at  each  harmonic.  Of  course,  the  more 
values  that  are  used,  the  more  accurate  the  estimates  will  be.  How¬ 
ever,  it  is  important  to  note  that  once  the  distributions  are  known, 
statistical  theory  will  tell  the  error  involved  by  estimating  with 
any  given  sample  size. 

For  example,  let  us  try  to  estimate  the  statistical  char¬ 
acteristics  of  our  radar  transmitter  from  only  a  single  spectrum. 

An  LSF  was  made  to  each  of  the  33  measured  spectra  for  the  radar 
transmitter  that  had  all  seven  harmonic  values  above  the  noise. 

Each  of  the  least  squares  fits  are  estimates  of  the  nearly  true 
functional  relationship  shown  in  Fig.  5. 

To  demonstrate  the  error  that  would  have  been  involved 
in  the  functional  relationship  between  median  harmonic  output  level 
and  harmonic  number,  the  individual  least  squares  fits  have  been 
plotted  on  Fig.  8.  Of  course,  the  difference  between  each  individual 


line  is  great,  but  we  must  remember  that  seven  samples  went  into 
determining  each  line.  Statistical  theory  predicts  exactly  the 
deviations  we  note  on  Fig.  8,  when  seven  samples  are  used.  As  the 
number  of  samples  (i.e.,  the  number  of  harmonics  in  a  spectrum  and/or 
the  number  of  available  spectra)  increases,  the  deviation,  and  hence 
the  accuracy  of  any  single  line,  increases  rapidly. 

A  single  spectrum  will  also  give  some  information  concerning 
the  standard  deviation  (o).  Fig.  9  shows  a  comparison  of  the  stan¬ 
dard  deviation  as  predicted  from  all  samples  (totaling  200)  and  from 
a  single  spectrum  (seven  samples)  chosen  at  random  from  the  33  spectra 
available . 

Hypotheses  I  and  II  tell  us  that  to  obtain  adequate  trans¬ 
mitter  information  it  is  only  necessary  to  measure  the  statistical 
detail  at  two  harmonics  or  equivalently  it  is  only  necessary  to  make 
a  few  measurements  at  each  harmonic.  Statistical  theory  may  be 
used  to  tell  us  exactly  how  many  samples  must  be  taken  to  estimate 
the  statistical  parameters  to  any  given  degree  of  accuracy. 

III.  RECEIVER  RESPONSE  SPECTRA 

It  has  been  found  that  Hypotheses  I  and  II  may  be  extended 
to  handle  the  receiver  response  spectra  as  well  as  the  transmitter 
harmonic  output  spectra.  Almost  all  of  the  spurious  response  fre¬ 
quencies  for  superheterodyne  receivers  may  be  predicted  from  the 
equation 


f 


^  ^IF 


q 


(1) 


where 


f  =  the  response  frequency 

f 

LO  =  the  first  local  oscillator  frequency  of  the 
receiver 

f 

IF  =  the  first  intermediate  frequency  of  the 
receiver 

p  =  a  positive  integer 
q  =  a  positive  Integer, 


Eq.  1  shows  that  there  is  a  response  frequency  for  each 
possible  p  and  q.  Those  responses  for  which  q  =  1  are  in  general 
the  most  serious.  As  the  example  of  Fig.  10  shows,  the  responses 
for  which  q  =  1  are  paired,  one  of  the  pair  generated  by  the  plus 
sign  of  Eq.  1  and  the  other  generated  by  the  minus  sign.  Success¬ 
ive  pairs  are  separated  by  a  distance  equal  to  f^o  and  each  member 
of  any  particular  pair  is  separated  from  the  other  by  2fjp.  The 
q  =  2  responses  are  distributed  in  frequency  in  just  the  same  way. 


but  are  generally  lower  in  amplitude  and  are  always  twice  as  dense 
in  frequency  as  shown  by  Fig.  10.  The  q  =  3  responses  are  generally 
lower  in  amplitude  than  either  the  q  =  1  or  q  =  2  responses  and  are 
three  times  as  dense  as  the  q  =  1  responses. 

A  logical  subdivision  of  the  receiver  responses  is  there¬ 
fore  made  by  q.  Fixed  p  becomes  analogous  to  harmonic  number  for 
any  fixed  q  if  f^j,  is  small  compared  to  fj^,  which  is  almost  always 
the  case.  Further  if  fjp  is  small  as  cornered  to  fj_  the  difference 
in  frequency  between  those  responses  generated  by  EqV  1  with  a  plus 
sign  and  those  responses  generated  by  Eq.  1  with  a  minus  sign  is 
small. 


Thus,  if  we  divide  the  possible  receiver  responses  into 
separate  groups  by  q  and  allow  p  to  be  identified  w-i-th  harmonic 
number,  we  may  investigate  the  validity  of  the  following  two 
hypotheses  concerning  receiver  spurious  responses: 


Hypothesis  III. 


Hypothesis  IV. 


The  average  power  required  to  interfere 
with  the  receiver  increases  with  increas¬ 
ing  p  and  follows  a  different  straight 
line  with  the  logarithm  of  p  for  each  q. 


A  number  of  random  variables  introduce  a 
random  deviation  from  the  average  power 
required  to  interfere  with  the  receiver 
which  is  distributed  normally  at  each  p 
and  has  a  standard  deviation  that  is  in- 
dependent  of  p. 


As  an  example  of  the  strong  evidence  in  favor  of  these 
two  hypotheses,  a  series  of  measurements  made  on  a  classified 
radar  receiver  will  be  considered.  First,  the  deviation  from 
normality  for  the  measured  values  is  computed  at  each  p  for  q  =  1. 

The  computation  is  carried  out  in  exactly  the  same  manner  as  the 
normality  computations  at  each  harmonic  for  the  transmitter  example 
previously  discussed.  As  shown  in  Fig.  11,  the  significance  of  the 
observed  deviation  from  normality  at  p  =  3  was  82;  at  p  =  4,  60;  at 
p  =  5,  38;  all  of  which  are  well  below  the  rejection  level  of  95. 
Again,  just  as  in  the  transmitter  case,  we  assume  that  all  observed 
values  were  drawn  from  the  same  normal  distribution,  but  that  the 
values  were  biased  by  some  fixed  amount  which  depends  upon  p.  Under 
these  assumptions,  the  deviation  from  normality  for  the  combined 
responses  between  p  =  1  and  p  =  5  was  only  significant  at  a  level 
of  46,  which  is  another  bit  of  evidence  in  favor  of  Hypotheses  III 
and  IV  . 

An  interesting  example  of  an  extension  of  Hypotheses  III  and 
IV  that  was  necessary  for  certain  types  of  receivers  is  shown  in  the 
next  illustrative  example.  Let  us  consider  a  receiver  which  tunes 
in  the  0.5  -  30  Me  range,  and  has  a  series  of  three  intermediate  fre¬ 
quency  stages.  If  we  test  Hypotheses  III  and  IV  for  a  receiver  of 
this  type  by  assuming  that  all  measurements  at  q  =  1  are  drawn  from 
the  same  normal  distribution,  but  biased  by  some  amount  which  is  a 
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function  of  p,  the  significance  of  the  observed  deviation  falls 
well  into  the  rejection  region.  We  immediately  become  curious 
as  to  what  happened.  The  estimated  median  values  were  plotted 
as  a  function  of  p  as  shown  on  Fig.  12.  Figure  13  shows  clearly 
that  there  are  three  separate  phenomena  taking  i)lace,  one  from 
p  =  1  to  p  =  4,  another  from  p  =  4  to  p  =  10  and  the  third  from 
p  “  8  to  p  =  30.  Surprisingly  enough,  each  of  the  three  phenomena 
seems  to  follow  our  familiar  straight  line. 

Applying  our  tests  to  each  region  separately,  we  find  that 
they  are  all  above  the  rejection  level,  although  the  region  p  =  1 
to  p  =  4  falls  dangerously  close  to  the  rejection  level. 

To  summarize,  four  important  hypotheses  have  been  suggested 
that  could  have  far-reaching  importance  in  the  fields  of  interfer¬ 
ence  measurement  and  interference  prediction  and  analysis.  The  four 
hypotheses  which  have  strong  evidence  to  support  them  are  restated 
as  follows: 

Hypothesis  I .  The  median  harmonic  output  from  a  transmitter 
decreases  with  increasing  harmonic  number  and 
follows  a  straight  line  with  the  logarithm  of 
harmonic  number. 

Hypothesis  II.  A  number  of  random  variables  introduce  a  ran¬ 
dom  deviation  from  the  average  harmonic  out¬ 
put  from  a  transmitter,  which  is  distributed 
normally  at  each  harmonic  and  has  a  standard 
deviation  that  is  independent  of  harmonic 
number . 

Hypothesis  III.  The  average  power  required  to  interfere  with 
the  receiver  increases  with  increasing  p  and 
follows  a  different  straight  line  with  the 
logarithm  of  p  for  each  q. 


Hypothesis  IV.  A  number  of  random  variables  introduce  a  ran¬ 
dom  deviation  from  the  average  power  required 
to  interfere  with  the  receiver  which  is  distri¬ 
buted  normally  at  each  p  and  has  a  standard  de¬ 
viation  that  is  independent  of  p. 

IV,  APPLICATION  TO  INTERFERENCE  ANALYSIS 

As  an  example  of  the  usefulness  of  the  four  hypotheses 
just  presented,  a  brief  look  will  be  taken  at  the  results  obtained 
by  applying  these  hypotheses  to  a  general  interference  prediction 
procedure  which  has  recently  been  developed  and  used.  A  detailed 
knowledge  of  the  prediction  input  statistics  allows  the  probability 


of  interference  to  be  accurately  computed.  A  knowledge  of  the 
probability  of  interference  allows  a  system  planner  to  properly 
appraise  the  chances  he  is  taking  with  any  particular  system  con¬ 
figuration.  Otherwise,  he  must  either  disregard  a  large  area  that 
in  all  probability  is  usable  or  plunge  in  "by-the~seat-of-the- 
pants"  and  hope  that  the  law  of  averages  is  in  his  favor. 

Several  types  of  interference  answers  are  available  if 
the  statistical  characteristics  of  the  input  function  are  used 
in  interference  prediction.  Figure  14  is  one  example,  which 
shows  each  possible  emission  from  a  particular  transmitter  that 
could  cause  interference  to  a  particular  receiver  and  the  proba¬ 
bility  that  it  does  indeed  cause  interference.  From  Fig.  14  one 
can  compute  the  total  probability  of  interference  between  the 
particular  transmitter  and  receiver.  The  total  probability  of 
intei’ference  for  the  case  shown  in  Fig.  14  is  shown  in  the  upper 
right  hand  corner  of  Fig.  14.  The  spectral  type  of  interference 
prediction  answer,  illustrated  by  Fig.  14  allows  an  appraisal  of 
the  total  probability  of  interference  and  a  detailed  look  at  the 
most  likely  source  or  sources  of  interference. 

Figure  15  shows  another  type  of  interference  answer  that 
is  available.  Here  seven  receivers  and  twelve  transmitters  are 
present  in  a  given  complex.  The  table  entries  show  the  probability 
of  interference  between  each  transmitter  and  each  receiver.  If  a 
statistical  sum  is  taken  down  any  column,  the  total  probability  of 
interference  to  any  receiver  from  all  sources  may  be  obtained, 
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Fig.  3.  RANGE  OF  33  MEASUREMENTS  AT  EACH 
HARMONIC  FOR  THE  SAME  TRANSMITTER 
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Fig.  4.  TRANSMITTER  POWER  OUTPUT  AS  A  FUNCTION 
OF  HARMONIC  NUMBER 
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Fig.  5.  TRANSMITTER  POWER  OUTPUT  AS  A  FUNCTION 
OF  THE  LOGARITHM  OF  HARMONIC  NUMBER 
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Fig.  7.  HYPOTHESIS  TESTING  FOR  A  COMMUNICATIONS 
TRANSMITTER 
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.  8.  COMPARISON  OF  COMPUTED  MEAN  VALUE 
FUNCTIONS  BASED  ON  SINGLE  SPECTRUM 
FOR  THE  SAME  TRANSMITTER 
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Abstract.  -  A  great  deal  of  study  has  been  devoted  -  and  effectively  -  to 
the  reduction  of  interference  in  what  mi^t  be  considered  the  "on-site"  or 
"colocated"  environment.  This  eirphasis  has  resulted,  in  part,  from  the 
fact  that  this  type  of  interference  was  the  earliest  type  which  presented 
a  real  problem  which  was  amenable  to  definition,  laboratory  simulation  and 
study,  and  therefore  to  relatively  easy  and  permanent  solutions.  These 
have  made  it  practical  to  iise  numerous  equipments  on  one  site  and  estab¬ 
lished  the  rules  for  malting  frequency  assignments  under  such  conditions. 

The  army,  of  atomic  necessity,  has  become  verj'  dispersed  and 
mobile  vdille  its  communications  requirements  have  gone  up  as  a  result  of 
the  fast  reaction  times  required  by  the  modem  weapons  systems  and  tactics. 
This  has  meant  that  radio  relay  must  be  used  in  many  places  where  wire  or 
net  type  radio  were  xised  before.  As  a  result,  the  density  of  radio  relay 
type  radiators  has  gone  up.  As  a  result  of  this  and  the  progress  made  in 
"on-site"  interference  control,  cochannel  and  adjacent  channel  interference 
have  become  the  dominant  contributors  to  interference.  These  are  both 
"off -site"  type  factors  \diich  are  much  more  difficult  to  deal  with  on  a 
sound  engineering  basis. 

This  article  will,  deal  with  the  factors  which  affect  the  choice 
of  equipments  and  systems  configurations  for  implementation  of  a  Field  Army 
radio  relay  system.  One  of  the  overriding  objectives  of  any  such  consider¬ 
ation  must  be  the  efficient  use  of  the  spectrum  in  order  to  asB\a:e  a  mini¬ 
mum  of  radio  frequency  interference. 

I.  BACKGROUND 

A  great  deal  of  study  has  been  devoted  to  the  reduction  of 
interference  in  what  might  be  considered  the  "on-site"  or  "colocated"  en¬ 
vironment.  This  emphasis  has  resulted,  in  part,  from  the  fact  that  this 
interference  was  the  earliest  type  presenting  a  real  problem  which  was 
amenable  to  laboratory  simulation  and  study  and  therefore  to  relatively  easy 
and  permanent  solutions.  These  solutions  have  made  it  practical  to  operate 
a  reasonably  high  number  of  electromagnetic  radiators  from  the  same  site. 
Therefore,  on-site  interference  reduction  will  not  be  covered  in  this  paper. 
However,  as  engineers  were  arriving  at  these  solutions,  the  requirements  of 
the  Field  Army  were  changing  and  new  and  more  difflciYLt  problems  were  pre¬ 
senting  themselves.  The  army,  of  atomic  necessity,  has  become  more  mobile 
and  dispersed.  In  addition,  the  army  in  its  quest  for  new  ways  to  replace 
manpower  with  machines  has  embraced  automatic  data  processing.  As  a  result 
of  these  two  factors  and  the  need  for  spectrum  economy,  radio  relay  has 
replaced  wire  and,  in  some  cases,  net  radio.  Its  use  has  thus  been  extended 
to  ever  lower  echelons  of  cousnand. 
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This  more  dense  use  of  radio  relay  has  aggravated  the  "off¬ 
site"  mutual  interference  problem  until  it  has  become  the  major  one.  In 
addition,  this  problem  is  much  more  difficult  to  attack  by  reason  of  the 
large  nu^ers  of  equipments  and  personnel  and  the  large  area  of  terrain 
required  to  simulate  battlefield  conditions.  Should  the  equipments, 
personnel  and  area  be  available  for  such  simulation,  the  range  of  conditions 
vblch  might  be  anticipated,  both  in  spacing  and  propagation,  varies  much 
more  radically.  This  then  becomes  a  statistical  problem  with  a  very  broad 
deviation.  It  is  very  likely  that  no  absolute  answer  is  possible.  There¬ 
fore,  all  possible  means  must  be  used  to  reduce  interference.  Since  for 
the  purpose  of  this  paper  it  has  been  assumed  that  the  on-site  problem  has 
been  solved,  we  are  concerned  here  primarily  with  cochannel  and  adjacent 
channel  far  field  Interference.  This  is  not  to  say  that  we  need  not  observe 
the  frequency  assignnent  niles  dictated  by  the  on-site  interference  problem; 
it  is  just  assumed  that  we  know  yAi&t  these  rules  are  and  the  extent  to  Tdiich 
they  restrict  our  overall  network  configuration  and  frequency  assignment. 

II.  PROBLEMS  IN  SYSTEMS  DESIGN 

The  conditions  mder  which  the  Field  Army  might  have  to  operate 
vary  so  widely  that  it  may  be  difficult  to  provide  a  communications  system 
which  is  general  eno\agh  in  its  application  to  meet  all  requirements  and  yet 
well  enough  defined  so  that  advanced  planning  can  assure  efficient  equip¬ 
ment  and  spectrum  usage.  The  communications  requirements  basically  follow 
well  defined  channels,  but  from  a  system’s  standpoint,  they  may  be  best 
served  by  a  common  user  type  communications  system.  An  acceptable  system 
must  provide  a  degree  of  alternate  routing  in  order  to  make  it  less  vul¬ 
nerable  to  disruption  as  a  result  of  physical  or  electronic  neutralization 
of  any  site.  At  the  same  time,  it  must  do  so  without  introducing  re¬ 
strictive  conplications  of  equipment  ’usage  and  frequency  assignment.  The 
frequency  assignment  must  be  flexible  enough  not  to  restrict  the  movement 
of  the  units  and  yet  efficient  enou^  to  be  able  to  provide  the  necessary 
communications  with  an  acceptable  level  of  interference  within  the  spectrum. 
It  foUova  that  a  system's  approach  shovLLd  be  used  to  arrive  at  a  standard¬ 
ized  network  configuration  -  using  the  characteristics  of  existing  equip¬ 
ments  in  order  to  be  able  to  arrive  at  firm  and  ciurently  useful  conclusions. 
The  process  of  engineering  such  a  system  efficiently  should  provide  some 
guidelines  for  the  design  of  new  equipments  for  a  better  future  system.  The 
system  must  take  into  au:count  the  terradLn  on  which  it  might  be  called  upon 
to  operate  and  yet  these  terrain  factors  must  not  be  allowed  to  restrict 
the  usefulness  of  the  system.  The  same  equipments  must  be  applicable  xmder 
All  these  conditions  in  order  not  to  load  down  the  budget  and  the  soldier 
with  extra  equipment.  This  is  quite  an  order  and  requires  an  orderly 
approach. 


It  is  desirable  in  the  design  of  a  trunk  communications  system 
serving  an  area  such  as  that  occupied  by  a  Field  Army  to  use  an  irregular 
cellular  type  of  radio  relay  interconnection  with  major  communications 
centers  at  the  intersections.  This  provides  the  high  degree  of  alternate 
routing  needed  for  reliability  and  common  user  trunks  for  efficiency  of 
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trunk  usage.  However,  it  seems  inevitable  that  the  full  system  will 
"build  up  by  degrees  rather  than  appear  all  at  once.  The  axis  of  required 
command  communications  will  be  insta3J.ed  first.  As  these  axes  build  \ip, 
cross  connections  will  be  Installed  as  time  permits,  remenibering  that 
there  are  heavy  pressures  dictating  this  stiffening  of  the  system  in  oi^er 
to  make  it  less  stisceptible  to  destruction  or  electronic  countermeasiores . 

The  system  which  restilts  Is  a  command  oriented  area  system. 

The  network  described  so  far  provides  only  the  interconnections 
between  major  oonmunications  centers.  These  sites,  however,  in  addition  to 
being  the  nodal  points  for  the  links  Interconnecting  the  centers,  will 
undoubtedly  be  the  gathering  points  for  connections  to  multi-voice -channels 
customers  as  well  (Figure  IJ.  The  coarseness  of  the  network  will,  therefore, 
be  a  function  of  both  these  requirements.  Under  some  conditions,  however, 
the  density  of  customers  may  be  so  great  that  with  a  reasonable  separation 
of  communications  sites  from  the  standpoint  of  the  interconnecting  links, 
the  density  of  terminating  links  required  at  any.  one  center  may  be  so  high 
as  to  be  In^ractlcal  from  the  standpoint  of  frequency  assignment  and  other 
on-site  coits)llcations .  Under  these  conditions,  it  maybe  advisable  to 
install  consolidation  facilities  -  radio  relay  sites  which  do  nothing  more 
than  make  connections  to  several  customers  and  then  relay  them  through  one 
link  to  the  conmunicatlons  center.  The  resulting  density  of  communications 
centers  will  mean  that  fddlo  relay  can  easily  interconnect  them  on  a  one 
hop  basis.  Any  relay  point  \dxlcb  ml^t  be  required  to  tie  centers  together 
would  probably  itself  evolve  into  a  coranunications  center  in  order  to  re¬ 
duce  the  concentration  of  customer  connections  to  any  one  center.  The 
length  of  the  radio  relay  links  tying  this  system  together  would  probably 
average  somewhere  between  10  and  20  miles  in  length,  depending  upon  the 
terrain.  Both  ends  of  such  llnte  could  be  favorably  located  since  they  need 
not  coincide  exactly  with  any  one  tactical  unit  nor  move  with  every  move 
of  a  headquarters.  The  configuration  only  warps  and  changes  when  the 
changing  situation  can  no  longer  be  served  from  the  existing  coununlcations 
coiqplex. 


There  are  several  choices  open  to  the  systems  designer  in  de¬ 
ciding  how  to  tie  the  customers  into  the  centers.  The  most  obvious  answer 
may  be  low  capacity  radio  relay.  However,  this  results  in  quite  a  forest 
of  antennas  at  each  site.  This  coziplex  may  be  dlfflc\]lt  to  install  and, 
at  VHF,  may  present  frequency  assignment  problems  since  the  rather  broad 
beam  patterns  of  these  mobile  antennas  will  make  them  a  potential  Inter¬ 
ference  source  over  rather  large  areas. 

Another  possible  solution  may  be  foimd  in  the  so-called  radio 
relay  central  (Figure  2).  In  this  concept,  one  or  more  transmitters  are 
fed  into  one  omni-directional  antenna  to  provide  the  outgoing  legs  to 
some  larger  number  of  multi-voice -channel  customers.  Each  customer  de¬ 
multiplexes  only  those  channels  assigned  to  him.  He  receives  using  a 
directional  antenna  and  transmits  the  return  half  of  the  duplex  link 
through  a  directional  antenna.  This  requires  a  separate  rf  frequency 
assignment  for  each  of  these  return  links.  However,  the  central  may  re¬ 
ceive  all  of  these,  with  one  omni-directional  antenna,  using  preselectors 
to  separate  the  rf  channels  and  thereby  reduce  the  danger  of  cross  product 
modulations  In  the  raccivers. 
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Both  radio  relay  and  radio  relay  central  v£ll  undoubtedly  find 
their  place  in  future  amy  coaounications  networlcs.  The  radio  relay  centre! 
vill  probably  find  its  place  in  VHF.  Antennas  of  reasonably  laobile  size 
at  these  frequencies  are  only  moderately  directional.  Interference  is  only 
slightly  increased  ^en  omni-Kllrectional  antemias  are  resorted  to.  The 
major  advantage  of  the  central  is  that  the  central  terminals  for  several 
multi-channel  cD^tomers  can  be  moved  into  place  Intact,  cans>lete  vith  all 
necessary  multiplexing  and  other  auxiliary  equipment.  This  makes  the 
central  system  more  mobile  and  standardized.  Since  the  equipments  are  in 
a  fixed  physical  relationship  to  each  other,  the  mutiial  Interference  matrix 
may  be  vorked  out  ahead  of  time  and  posted  within  the  shelter,  so  that 
intra-central  restrictions  to  the  frequency  assignment  are  known  quantities. 
In  addition,  the  central  conserves  frequencies.  For  exaiqple,  a  central 
designed  to  serve  six  customers  all  from  one  multiplexed  transmitter  using 
one  frequency,  will  need  6  additional  frequencies  to  provide  the  other  half 
of  the  six  multiple-voice  channel  duplex  connections,  making  a  total  of  7 
frequencies.  Use  of  strai^t  radio  relay  would  require  use  of  12  frequencies. 

.At  UHF  frequencies,  straight  radio  relay  may  gain  an  advantage 
over  the  central  concept  as  a  result  of  the  more  directional  antennas  which 
become  practical  at  these  frequencies.  The  advantage  gained  by  a  re¬ 
duction  in  the  nuniber  of  frequencies  required  by  the  radio  relay  central 
may  well  be  counter-balanced  by  the  Increased  directivity  of  the  antennas. 

In  general,  highly  directional  antennas  are  necessary  in  order  to  obtain 
the  desired  ranges  at  these  frequencies.  In  addition,  it  is  not  necessary 
for  all  of  the  antennas  to  be  in  one  niace  on  the  top  of  the  hill.  Kiey 
can  be  dispersed  around  the  top  and  below  the  crest  of  the  hill  making 
them  less  vulnerable  to  detection  and  destruction.  There  are  also  less 
restrictions  to  the  on-site  frequency  assignment  as  a  result  of  the  separ¬ 
ation  and  possible  shielding.  However,  there  is  a  hl^  price  In  capability 
attached  to  the  use  of  these  UHF  frequencies.  Some  diffraction  can  be 
expected  at  VHF  frequencies  so  that  paths,  especially  short  ones,  idiioh 
are  not  entirely  llne-of -sight  are  usable.  At  UHF  frequencies  this  is 
much  less  likely  to  be  true.  As  a  resxilt,  more  stringent  propagation  path 
restrictions  are  imposed  upon  UHF  users  than  upon  VHF  users.  This  is  to 
some  small  extent  counter-balanced  by  less  severe  requirements  concerning 
Fresnel  zone  clearance  in  the  site  foreground  at  the  higher  frequencies. 

The  VHF  portion  of  the  spectrum  has  become  so  crowded,  however,  that  the 
use  of  UHF  frequencies  becomes  inevlteble  to  satisfy  at  least  a  part  of 
these  requirements. 

A  picture  of  the  army  trunk  comnunicBtions  system  begins  to 
emerge.  However,  nothing  has  been  said  about  the  voice  channel  capacity 
of  the  interconnecting  radio  relay  links.  Experience  in  laying  out  radio 
relay  systems  has  shown  that  the  capacity  of  the  radio  relay  link  is  lees 
significant  than  the  number  of  such  links,  especially  \dien  UHF  radio  relay 
equipnents  are  used.  The  rf  channels  at  these  frequencies  are  inherently 
wide  and  can  accept  modulation  \diich  provides  numerous  voice  channels 
without  a  commensurate  penalty  in  spectrum  usage.  Apparently  then,  voice 
channels  become  less  e:q)enslve  in  terms  of  spectinnn  usage  and  equipment 
as  we  go  up  in  frequency.  At  some  point  additional  channels  become 
cheaper  than  the  switching  required  to  provide  efficient  use  of  the  chan- 
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nels  in  any  trunk  gro\3p.  This  means  .that  ve  may  have  less  switching  and 
more  patching  with  the  result  that  the  hi^er  ce^acity  equipments  are  used. 
It  appears  to  he  chiefly  a  matter  of  the  proper  choice  of  available  equip¬ 
ments  at  this  point. 

The  number  of  multichtomel  terminations  provided  army  wide  is 
the  prime  controlling  factor  in  the  mutual  interference  problem.  The 
tendency  should  be  toward  fewer  terminals  of  higher  capacity.  Active 
alternate  connections  to  these  customers  must.  In  most  cases,  be  foregone. 
The  requirements  for  alternate  communications  can  imdoubtedly  be  satisfied 
by  the  capsibility  to  reorient  antennae  or  ixistall  links  to  additional 
centers  if  and  when  it  becomes  necessary.  Net  radio  furnishes  a  limited 
alternate  connunications  means  \diich  may  prove  adequate  in  emergencies. 

The  nimiber  of  multichannel  terminations  at  any  one  site  is  a  major  factor 
restricting  the  frequency  assignment  scheme.  It  has  already  been  stiggested 
that  consolidation  relay  facilities  might  be  used  to  contain  this  problem. 

IV.  SEECTHUM  USAGE 

As  radio  relay  voice  channel  capacity  goes  up  in  new  equipments, 
the  operating  frequencies  go  up.  Possibly  this  should  be  stated  in  re¬ 
verse,  as  the  operating  frequencies  of  radio  relay  equipment  go  i®,  so  does 
the  voice  channel  capacity.  In  any  event,  both  seem  to  be  going  \ap  to¬ 
gether.  This  trend  has  opened  up  new  areas  of  the  spectrum  and  these 
additional  rf  channels  constitute  one  means  of  providing  for  increasing 
numbers  of  radio  relay  terminations  without  necessarily  increasing  the  in¬ 
terference  level.  This  gross  approach  has  its  limitations,  however,  and 
it  becomes  apparent  that  every  means  available  must  still  be  used  in  order 
to  assure  an  acceptable  level  of  interference.  One  problem  lies  in  the 
fact  that  commercial  users  and  other  military  users  also  invade  any  new 
bit  of  spectrum  opened  up  by  advances  in  the  state  of  the  art  and  many  of 
these  services  will  still  be  needed  even  in  time  of  war.  As  a  result,  only 
a  fraction  of  the  tuning  range  of  these  equipments  may  be  available  for  the 
use  of  army  radio  relay.  What  means  are  available  to  assure  efficient 
spectnaa  \mage  and  still  provide  the  flexibility  required  by  modem  mobile 
and  dispersed  concepts?  One  such  means  lies  in  proper  frequency  assignment. 

With  the  Introduction  of  conputers  into  the  field  army,  it  might 
be  considered  practical  to  make  a  centralized  and  efficient  assignment  of 
frequencies  using  the  conputer.  However,  considerable  communications  are 
required  just  to  keep  the  conputer  informed  of  the  location  of  each  unit 
and  then  to  disseminate  the  assignments  as  they  eue  made.  Continual  re¬ 
visions  of  the  frequency  assignment  would  be  required  as  units  move  if 
efficiency  of  spectrum  usage  is  to  be  maintsiined.  This  places  a  need  for 
good  connunications  upon  a  system  whose  quality  is  dei)endent  upon  the  ade¬ 
quacy  of  the  frequency  assignment  which  is  in  tiam  dependent  on  good  com¬ 
munications.  Such  a  system  might  be  very  difficmlt  to  administer. 

The  preceding  paragraph  Indicates  that  what  really  limits  the 
field  army's  ability  to  efficiently  use  the  spectrum  is  constant  movement. 
Frequency  assignments  must  include  this  provision  for  movement  without 
imposing  lestrictions .  The  units  should  not  be  deiendent  upon  communi- 
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cations  for  their  assignments  and  they  should  not  be  required  to  taiov  where 
all  other  units  are  with  respect  to  themselves.  Certain  units  will  have 
to  move  throu^  others.  It  might  be  very  wasteful  to  provide  a  permanent 
set  of  frequencies  compatible  with  all  others  regardless  of  changes  in 
deployment.  The  answer  appears  to  lie  in  a  predetermined  frequency 
assignment  based  upon  terrain  separation.  Mr.  Roger  A.  Burt  of  C-E-I-R, 

Inc.,  Arlington,  Virginia,  has  done  preliminary  work  on  this  approach 
luider  contract  with  the  U.  S.  Army  Signal  Research  and  Development 
Laboratory,  Fort  Monmouth,  New  Jersey,  vdiich  seems  to  indicate  this  could 
be  a  powerful  tool  not  only  for  fr-equency  assignment,  but  for  the  design 
and  evaluation  of  communications  systems.  The  frequency  asslgniiEnt  for  a 
given  radio  relay  equipment  throu^out  the  field  army  could  consist  of 
a  map  overlay  and/or  table  dividing  the  terrain  into  areas  with  associated 
frequency  assignments.  For  equipments  with  narrow  beam  widths,  these 
assignments  might  be  tied  to  the  direction  of  the  link.  Figure  3  shows 
one  possible  map  overlay  chart  and  indicates  its  application. 

The  method  used  to  develop  the  frequency  assignment  pattern  is 
based  on  the  use  of  the  statistical  Irregular  terrain  propagation  madel 
developed  by  John  Egll.^  The  pattern  is  designed  to  allow  a  given  maximum 
probability  of  mutual  interference.  Under  this  concept,  all  a  unit  needs 
to  know  is  its  own  location  and  direction  of  desired  transmission  in  order 
to  determine  its  own  compatible  frequency  assignments.  The  pattern  of 
assignment  is  repetitive  and  can* be  used  over  large  areas. 

The  predetermined  frequency  assignment  approach  can  be  used  in 
systems  evaluation  or  design  in  several  ways.  Given  the  coarseness  of  the 
communications  system  structure,  the  type  and  maximum  number  of  inter¬ 
connections  required  and  the  level  of  permissible  interference,  analysis 
on  the  basis  of  predetermined  area  frequency  assignments  can  indicate  how 
many  rf  channels  are  required  to  provide  the  required  service,  or  given  the 
nuniber  of  rf  channels  available  to  do  the  Job,  the  limitations  which  this 
factor  imposes  upon  the  numiber  of  connections,  coarseness  of  structvire  or 
level  of  interference  can  be  studied. 

It  mdght  be  argued  that  this  system  of  frequency  assignment  is 
wasteful  of  frequencies  since  at  no  one  time  will  all  of  the  possible  con¬ 
nections  be  Installed,  resulting  in  unused  frequencies.  However,  this  is 
true  of  all  systemis  of  frequency  assignment  to  some  extent  since  a  certain 
pattern  of  assignment  is  required  to  minimiize  interference  and  this  pattern 
is  related  to  the  deployment  of  the  units.  This  results  in  the  avedlability 
of  a  certain  numiber  of  channels  in  any  one  area  though  not  all  may  be  re¬ 
quired.  The  condition  is  very  similar  to  the  predeterjnlned  assignment  case 
with  the  advantage  of  unrestricted  mobility  accrueing  to  the  latter  case, 
thoiq;h  the  pattern  may  Impose  soma  miaxlmium  rf  channel  restrictions. 

There  are  many  advantages  in  the  predetermined  frequency  assignment 
pattern  besides  mobility.  The  frequency  assignments  can  be  made  beforehand 
with  the  aid  of  a  computer  if  deemed  advisable,  yet  no  communications  are 
required  other  than  the  distribution  of  the  map  overlays  and/or  code  books. 
Frequency  assignmients  may  be  changed  by  a  simple  substitution  of  code  books 
or  by  a  shift  of  the  map  overlay  with  respect  to  the  terrain  map.  An  Infinite 
extension  of  the  pattern  already  established  can  be  made  without  additional 
effort  becaxmse  of  the  repetitive  nature  of  the  pattern.  The  frequency 
assignment  patterns  provide  fundamental  building  blocks  which  are  usefiil  in 
gaining  an  understanding  of  the  field  army's  communications  capabilities. 
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Althou^  the  initial  effort  has  been  hased  on  a  general  terrain  statistics 
model,  it  co\ild  he  aidoi;isted  to  any  statistical  model  \diich  mi^t  he 
developed  for  specific  types  of  terrain  vhich  are  encotuitered.  Any  im¬ 
provement  of  the  propagation  model  used  vould  also  in^rove  the  frequency 
assignment. 


In  general,  each  of  the  army's  radio  relay  equipment  types 
occupies  a  separate  portion  of  the  spectrum.  Each  has  different  character¬ 
istics.  As  a  result,  separate  predetermined  assignments  would  he  required 
for  each  equipment  type.  Each  equipment  coiild  serve  a  different  piirpose 
within  the  army  communications  systems.  The  high  voice  channel  capacity 
equipment  could  serve  to  provide  heavy  long  distance  links  along  the  main 
axes  of  coimunlcatlon.  Medium  capacity  equipments  mi^t  provide  the  lateral 
connections  necessary  to  reinforce  the  system  and  provide  connections  to 
centers  not  along  the  main  axes  of  communications.  A  low  capacity  equipment 
or  a  radio  relay  central  mi^t  he  used  to  provide  the  customer  links  to  the 
system.  Should  an  additional  equipment  type  he  available,  it  could  he 
lised  to  provide  the  consolidation  relay  facilities  in  areas  of  high  density. 
These  requirements  all  overlap  on  the  terrain  and  the  provision  of  separate 
equipments  using  separate  sections  of  the  spectrum  for  each  joh  greatly 
reduces  the  Interference  problem. 

V.  FUTURE  OF  RADIO  RELAY 

Radio  relay  will  undoubtedly  continue  to  provide  the  backbone 
of  the  field  array  communications  system  for  quite  .some  time  to  come .  The 
trend  toward  use  of  hi^er  frequencies  in  order  to  open  up  new  areas  in  the 
spectrum  and  to  facilitate  providing  higher  channel  capacities  and  narrower 
beams  will  continue.  However,  sooner  or  later  all  of  these  hands  will  also 
he  occupied  by  other  numerous  xisers  and  there  will  still  be  a  need  to 
further  develop  spectrum  conserving  techniques.  The  system  of  predeter¬ 
mining  frequency  assignments  suggested  by  Mr.  B\irt  appears  to  be  a  most 
promising  scheme  for  providing  a  means  of  applying  the  systems  engineering 
approach  to  field  army  communications.  By  such  application,  we  may  in  the 
future  be  able  to  say  of  the  off-site  as  of  on-site  compatibility  that  we 
undei'stand  the  problem  and  know  how  to  go  about  solving  It.  Further  re¬ 
finements  are  still  required  in  our  understand .  ig  of  the  statistical  nature 
of  the  attenuation  of  radio  waves  propagated  over  irregular  terrain. 

Our  present  system  of  radio  relay  for  field  army  use  is  inefficient 
in  that  it  is  of  necessity  a  duplex  system.  Any  one  communications  link 
direction  is  in  use  considerably  less  than  half  the  tiiiK,  particularly 
when  voice  communications  eire  involved.  This  results  from  the  fact  that 
In  any  two  party  connection  only  one  party  can  talk  at  one  time  and  ftrora  the 
pauses  inherent  in  any  conversation.  One  possible  answer  may  lie  in  pro¬ 
viding  each  Information  bit  with  a  discrete  address  -vrith  numerous  conver¬ 
sations  sharing  the  same  transmission  medium  on  a  random  time  basis.  A 
simpler  solution  which  miglit  prove  more  practical  and  just  as  effective 
v?ould  involve  inish-to-talk  operation  though  still  provide  full  duplex 
Qjjeration.  Activation  of  the  push-to-talk  button  would  send  out  a  string  of 
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stored  address  piilses  \diich  woiild  make  up  the  connection  anew  for  each 
transmission.  A  li^t  or  absence  of  a  heep  wo\ild  Indicate  ;dien  the  con¬ 
nection  had  been  conpleted.  Such  a  system  should  allow  euiy  given  multi- 
voioe-channel  link  to  carry  approximately  t\d.ce  as  many  conversations. 
Overloading  of  the  link  woijild  result  in  slowing  down  all  traffic  rather 
than  stopping  some.  Of  course,  patched  through  channels  could  he  provided 
\diere  no  delay  can  he  tolerated  —  as  is  the  case  with  present  systems. 

Miniaturization  of  radio  relay  equipment  is  necessary  and  pro¬ 
gress  will  he  made  in  that  direction  for  this  and  other  field  army  equip¬ 
ments.  However,  the  real  promise  for  the  increased  usefulness  of  radio 
relay  in  the  futirre  raohile  and  dispersed  army  lies  in  preplanning  and 
standardizing  systems  plans  and  frequency  assignments. 
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A  COMPARISON  OF  TWO  METHODS  OF  DETERMIHING  SYSTEM  COMPATIBILITY 


E.  D.  Knowles 
The  Boeing  Company 
Seattle,  Washington 


Abstract.  -  This  paper  discusses  two  testing  methods  used  to  determine  system 
compatibility  and  to  satisfy  requirements  of  MIL-E-6051.  Method  A  and  Method  B 
are  described  separately  and  the  advantages  and  disadvantages  of  each  one  dis¬ 
cussed.  The  measurement  and  susceptibility  tests  are  accomplished  in  parallel 
when  Method  A  is  used  and  in  series  when  Method  B  is  used.  Method  A  reqiiires 
more  equipment  and  persoimel  but  conserves  time.  Method  B  takes  longer  but  is 
more  realistic  and  provides  better  assurance  of  compatibility. 

I.  INTRODUCTION 

The  basic  philosophy  of  testing  a  system  for  interference  compati¬ 
bility  is  to  assure  that  all  subsystems  do,  in  fact,  operate  together  in  the 
system  with  an  adequate  margin  of  safety  in  regard  to  interference.  This  paper 
discusses  two  approaches  to  system  interference  compatibility  testing  and  com¬ 
pares  the  two  methods.  Both  methods  have  the  common  objective  of  verifyirig  by 
test  that,  as  a  result  of  interference  control,  the  system  meets  the  require¬ 
ments  of  MIL-E-6051. 

Introduction  to  Methods 


The  primary  reason  for  considering  two  methods  of  accomplishing  a 
system  test  is  time.  Frequently,  hardware  delivery  schedules  require  system 
interference  tests  to  be  accomplished  in  the  least  time  with  cost  a  secondary 
consideration.  Most  often  however,  cost  is  the  controlling  factor.  The  in¬ 
terference  engineer  must  consider  these  two  factors,  as  well  as  the  technical 
aspects,  when  planning  a  system  test.  The  two  methods  discussed  consider  these 
factors. 


Both  methods  require  prior  analysis  of  the  system  to  determine  major 
problem  areas  before  the  test  begins.  Both  methods  require  measurement  of  in¬ 
terference  voltages  within  the  system,  aivalysis  of  the  interference  data,  and 
determination  of  the  effect  of  increased  interference  voltsiges  upon  the  sub¬ 
systems  £ind  upon  the  system. 

The  differences  between  the  methods  occur  from  the  manner  in  which 
the  increased  interference  is  introduced  and  in  the  resulting  time  required  to 
complete  the  entire  system  test.  Figure  1  shows  the  basic  time  comparison  of 
the  two  methods. 

Method  A  is  easentially  a  parallel  operation  even  though  the  sub¬ 
system  susceptibility,  or  interference  insertion,  portion  of  the  test  lags 
slightly  the  measurement  portion  of  the  test.  Method  B  is  a  serial  operation, 
since  it  is  necessaiy  to  complete  the  measurement  portion  of  the  test  before 
embarking  on  the  susceptibility  portion. 
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II.  METHOD  A 


Method  A  requires  that  an  initial  measurement  be  made  of  all  the 
interference  voltages  within  the  system.  The  measurement  portion  of  the  system 
teat  is  a  data-gatherlng  expedition  divided  into  two  parts:  (l)  measurement  of 
radiated  interference  appearing  on  receiver  inputs  and  (2)  measurement  of  in¬ 
terference  conducted  on  power  lines.  As  these  data  become  available,  they  are 
analyzed  and  organized  for  insertion  into  the  subsystems.  The  inserted  inter¬ 
ference,  measured  interference  increased  by  6  db,  is  applied  to  each  subsystem 
while  the  output  of  the  subsystem  is  monitored  to  determine  if  the  interference 
results  in  a  malfunction. 

During  the  data  analysis  and  susceptibility  portions  of  the  test, 
more  data  are  obtained  from  other  parts  of  the  system.  The  overall  result  is 
a  steady  flow  of  data;  from  the  initial  system  analysis  through  to  the  final 
monitoring  of  the  subsystems  involved. 

Radiated  Interference  Measurement 


Bach  antenna  of  the  system  is  monitored  in  turn  by  disconnecting 
the  associated  receiver  and  connecting  a  field-intensity  receiver  to  that 
antenna.  While  the  other  subsystems  are  energized  in  a  normal  sequence,  the 
field-intensity  receiver  is  tuned  over  the  frequency  band  of  the  system  re¬ 
ceiver  and  the  transient  interference  level  recorded.  During  this  portion  of 
the  test,  time  is  saved  by  using  multiple,  field-intensity  receivers  connected 
to  recording  oscillographs. 

The  measurement  process  is  repeated  \mtil  the  transient  interference 
at  each  system  antenna  has  been  measured  over  the  allocated  frequency  band,  the 
image  frequencies,  and  any  other  frequencies  of  interest.  As  measurements  for 
each  antenna  are  completed,  the  data  are  analyzed  for  the  susceptibility  test. 

After  the  measurement  of  transient  interference,  normal  interference 
on  antennas  is  measured.  Particular  attention  is  given  to  system  fundamental 
and  harmonic  frequencies  and  to  possible  combinations  that  could  result  in 
spurious  receiver  response. 

The  data  from  measurements  on  each  antenna  are  analyzed  and  pre¬ 
pared  for  insertion  in  the  receiving  subsystems  that  use  the  antenna. 

Conducted-Interference  Measurements 


Besides  the  measurements  on  antennas,  interference  data  must  be 
obtained  from  power  lines.  Transient  interference,  as  well  as  normal  operat¬ 
ing  interference  must  be  measured. 

Power-line  transient  interference  is  measured  while  each  electric¬ 
ally  operated  unit  in  the  system  is  energized.  After  the  measurement  of  tran¬ 
sient  interference,  normal  interference  (exclusive  of  transients)  on  power 
lines  is  measured.  Particular  attention  is  given  to  system  operating  frequenc¬ 
ies.  In  both  cases,  the  data  are  recorded  for  subsequent  analysis. 


Bata  Analysis 


All  data  from  the  measurement  phase  are  analyzed  for  applicability 
to  each  subsystem.  Amplitude,  frequency,  time  sequence,  and  character  of  in¬ 
terference  are  considered  in  this  analysis. 

The  set  of  data  for  each  subsystem  is  tabulated  for  the  power 
lines  used  by  that  subsystem.  Where  the  subsystem  is  a  radio-frequency  re¬ 
ceiver,  the  data  obtained  from  its  antenna  are  also  tabulated.  The  data,  with 
the  amplitude  increased  by  6  db,  are  tabulated  as  to  frequency,  modulation 
characteristics,  and  antenna  or  power  lead  on  which  measurements  were  made. 

As  the  system  measurement  test  progresses,  more  data  becomes  available  and  the 
analyzed  data  are  supplied  continuously  for  the  subsystem  tests. 

Susceptibility  Test 

Concurrent  with  the  start  of  the  system  measurement  tests,  the 
subsystems  are  set  up  in  the  laboratories  for  susceptibility  tests. 

The  laboratory  subsystems  are  adjusted  for  the  most  sensitive 
operating  conditions.  The  operating  signal  Inputs  to  receivers  are  adjusted 
approximately  3  db  above  minimum. operating  level.  Power  inputs  are  set  to 
normal  values.  The  interference  data  supplied  by  the  analysis  is  inserted 
in  power  lines  and  receiver  inputs.  This  interference  is  simulated  with 
standard  signal  generators,  impulse  generators,  and  special  transient  genera¬ 
tors.  The  signals  are  monitored  by  field-intensity  receivers. 

Baring  these  susceptibility  testa,  each  subsystem  is  monitored 
for  proper  operation  and  evidence  of  malfunction  caused  by  interference.  When 
the  analyzed  data  have  been  applied  to  all  subsystems  without  malfunction  re¬ 
sulting,  the  system  has  satisfied  the  requirements  of  MIL-B-6051»  and  compat¬ 
ibility  has  been  verified. 

Advantages 


The  primaiy  advantage  of  Method  A  is  the  saving  of  calendar  time. 
The  subsystem  tests  follow  soon  after  the  measurement  tests  and  when  the  sub¬ 
system  tests  are  completed,  the  overall  system  test  is  finished.  This  time 
saving  is  achieved  by  using  more  test  personnel,  equipment  and  laboratory 
facilities. 


Subsystems  are  operated  for  a  short  time  during  Method  A  tests, 
since  each  subsystem  is  ener^zed  only  for  the  time  required  to  conduct  the 
test. 


With  Method  A  interference  insertion  problems  are  few.  The 
accessibility  of  test  monitor  points,  power  line  inputs,  and  receiver  inputs 
allows  easy  insertion.  Receivers  can  be  tuned  easily  for  the  worst  condition 
of  interference. 
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Disadvantages 


However  there  are  some  disadvantages  to  Method  A,  and  one  of  these 
is  the  use  of  many  subsystems.  Since  each  sensitive  sub-imit  in  the  system  is 
required  to  have  its  laboratory  counterpart,  at  least  two  of  these  units  are 
removed  from  production  delivery  channels  for  the  duration  of  the  test.  Very 
often,  because  of  unique  modulation  characteristics,  a  third  subsystem  must  be 
used  as  an  interference  source.  This  requirement  for  a  relatively  large  number 
of  units  during  early  production  can  be  undesirable. 

Manning  the  laboratory  test  requires  personnel  other  than  those 
engaged  in  the  measurement  and  analysis.  Bach  subsystem  must  be  manned  in¬ 
dividually  when  the  interference  data  for  common  power  lines  is  inserted.  Use 
of  a  single  test  team  would  increase  the  time  to  complete  the  tests. 

When  several  subsystems  and  test  teams  are  operating  at  one  time, 
the  requirements  for  interference  simulation  signal  generators  can  become  acute. 
Testing  several  subsystems  simultaneously  requires  considerable  laboratory  sjjace 
and  facilities.  It  may  be  necessary  to  rent  equipment  and  space  for  the  duration 
of  the  susceptibility  tests.  It  may  even  be  necessary  to  pre-empt  laboratory 
space  of  other  deparrtments,  thus  affecting  their  work  schedule. 

An  important  technical  disadvantage  of  Method  A  is  the  inability 
to  duplicate  system  conditions  exactly.  Power-line  impedance  in  an  aircraft 
system  can  vary  from  one  ohm  to  over  700  ohms  in  the  test  frequency  range.  It 
is  not  possible  to  duplicate  these  system  impedance  conditions  exactly  in  the 
laboratory.  The  Line  Stabilization  Network  of  MIL-I-6181  is  useful,  but  this 
device  can  be  used  only  in  a  narrow  frequency  range  and  it  does  not  duplicate 
system  conditions. 

Also,  the  problem  of  interference  standing  waves  on  the  system 
power  lines  must  be  considered.  In  small  systems  where  power-line  length  is 
short,  the  problem  is  of  concern  only  at  the  higher  frequencies.  In  large 
systems,  such  as  Saturn  and  Dyna-Soar,  the  electrical  power  lines  can  be  very 
long  and  the  standing  wave  problem  must  be  considered  even  in  the  broadcast 
frequencies. 


III.  METHOD  B 

Method  B  uses  the  same  basic  approach  of  system  interference 
measurement,  data  analysis,  and  data  insertion  as  Method  A.  The  objective, 
determining  system  compatibility,  is  the  same  for  each.  Measurement  data  is 
obtained  in  a  similar  manner  but  there  are  differences  due  to  Method  B  inser¬ 
tion  techniques.  The  data  from  the  measurement  operation  are  analyzed  for 
effect  on  the  subsystem  operating  in  the  system.  Analyzed  data  must  be  com¬ 
pleted  before  the  system  susceptibility  test  can  begin.  In  Method  B,  comple¬ 
tion  of  each  operation  is  dependent  upon  completion  of  the  preceding  one. 

Radiated  Interference  Measurements 


As  in  Method  A,  radiated  measurements  are  conducted  first.  Moni¬ 
toring  the  system  antennas  for  interference  signals,  using  Method  B,  is 
different  from  Method  A  because  of  the  difference  in  the  susceptibility  test 
techniques.  For  Method  A,  the  antenna  interference  is  inserted  in  the  subsystem 
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alone.  For  Method  B,  it  is  inserted  in  receiver  subsystems  operating  within 
the  system.  The  system  antennas  remain  connected  during  the  antenna  measure¬ 
ment  period  for  Method  B. 

The  system  is  operated  in  the  normal  manner  and  interference  volt¬ 
ages  on  the  antenna  are  measured.  The  procedure  for  measuring  transient  as 
well  as  normal  operating  radiated  interference  is  the  same  for  both  methods. 

The  data  from  the  antenna  portion  of  the  system  test  are  analyzed 
and  stored  while  the  next  part  of  the  measurement  test  is  performed. 

Conducted-Interference  Measurements 


Following  the  antenna  tests,  conducted  interference  measurement 
data  for  Method  B  are  obtained  exactly  as  in  Method  A.  Power-line  transient 
interference  and  normal  operating  interference  are  measured  in  the  system. 

The  resulting  data  are  analyzed  for  the  system  susceptibility  test, 

Bata  Analysis 

Analysis  of  data  from  the  measurement  tests  begin  as  each  segment 
of  the  test  is  completed.  The  measured  interference  data  are  analyzed  with 
regard  to  the  effect  on  the  subsystems  when  they  are  operated  in  the  system. 
Interference  amplitude,  frequency  and  time  sequence  are  related  to  each  sub¬ 
system  that  could  exhibit  malfunction  in  the  system.  The  measured  interference 
data,  increased  by  6  db,  are  tabulated  and  organized  on  the  basis  of  the 
antenna  or  power-line  on  which  it  was  measured.  A  set  of  data  is  prepared  for 
each  system  network.  The  subsystems  that  should  be  monitored  during  the  sus¬ 
ceptibility  test  on  that  network  are  noted. 

Bata  from  early  part  of  the  system  test  have  been  prepared  and  are 
ready  for  the  susceptibility  test  when  the  measurement  test  is  completed. 
Analysis  continues  vuitil  all  data  are  prepared  for  this  susceptibility  test. 

Susceptibility  Tests 

Upon  completion  of  the  system  interference  measurements,  insertion 
of  the  analyzed  data  begins.  The  same  test  engineers  who  obtained  the  system 
measurement  data  also  are  responsible  for  susceptibility  tests. 

Subsystems  are  tested  as  units  of  the  system  during  these  suscepti¬ 
bility  tests.  Bata  prepared  by  the  analysis  engineers  are  inserted  on  each 
system  power  line  and  antenna,  in  turn.  The  interference  susceptibility  level 
is  monitored  in  the  same  manner  it  was  measured  for  the  original  data,  using 
the  same  instruments  connected  to  the  same  test  points.  The  increased  inter¬ 
ference  level  in  each  receiver  input  can  be  simulated  by  system  transmitters, 
connected  in  place  of  the  euitenna. 

The  mechanics  of  injecting  interference  in  power  lines  is  often 
difficult  since  system  power  lines  usually  carry  large  currents.  Inserting  in¬ 
terference  in  these  lines,  without  appreciably  disturbing  the  system,  requires 
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specially  designed  current  transformers  and  high-power  interference  generators. 
This  problem  is  not  evident  in  Method  A,  since  the  power  lines  to  individual 
subsystems  usually  conduct  small  currents  and  the  susceptibility  test  methods 
of  MIL-I-6181  are  usually  sufficient. 

Duririg  these  system  tests,  the  critical  outputs  of  all  subsystems 
are  monitored  for  evidence  of  malfunction.  If  no  malfunction  occurs  which  is 
attributable  to  interference,  the  subsystems  are  compatible  within  the  system 
and  the  requirements  of  MIL-E-605I  have  been  satisfied. 

Advantages 


An  important  advantage  of  Method  B  is  the  need  for  fewer  test 
personnel  than  Method  A.  A  separate  crew  for  subsystem  tests  is  not  required 
since  all  testing  is  done  in  the  system. 

Less  laboratory  space,  test  equipment,  and  other  facilities  are 
required  by  Method  B.  This  requirement  is  especially  important  when  these 
facilities  are  limited  and  is  one  of  the  main  reasons  Method  A  io  more  costly. 
Method  B  provides  more  realistic  system  testing  by  approximating  the  usual 
operating  interference  conditions  more  closely.  Since  all  subsystems  are 
operating,  each  is  affected  by  the  total  system  interference  environment.  As 
each  part  of  the  system  is  subjected  to  an  additional  amount  of  interference, 
the  total  interference  environment  is  increased.  The  result  is  that  each  unit 
of  the  system  is  tested  not  only  by  the  normal  environment  but  by  interference 
to  which  it  may  be  particularly  susceptible.  Therefore,  determination  of  system 
compatibility  is  achieved  more  realistically. 

System  conditions  are  duplicated  in  another  way.  The  increased  in¬ 
terference  is  introduced  into  the  same  power  lines  on  which  the  original  data 
were  measured.  The  effect  of  the  power  line  impedance  at  the  monitoring  test 
point  is  therefore  minimized. 

Verification  of  the  6  db  safety  margin  is  easier  Md  more  valid  with 
Method  B  tluin  with  Method  A.  The  same  monitor  receivers  are  still  connected  to 
the  same  system  test  points  as  were  used  for  measurement,  and  all  subsystems  are 
tested  at  once.  When  the  Interference  is  inserted,  the  increase  of  6  db  cam  be 
readily  measured  with  the  receiver. 

Pi  aadvanteiges 

The  main  disadvantage  of  Method  B  is  that  more  test  time  is  required 
on  the  complete  test  vehicle  or  system.  In  Method  B,  the  system  is  operated  dur¬ 
ing  the  entire  time  measurement  data  is  obtained,  as  well  as  during  the  time  re¬ 
quired  to  conduct  the  susceptibility  tests.  The  test  time  on  a  system  used  with 
Method  B  is  therefore  greater  than  Method  A  since  the  latter  only  requires  the 
entire  system  while  measurements  are  obtained. 

The  length  of  system  operating  time  for  Method  B  also  presents  sub¬ 
system  logistic  problems.  The  subsystems  are  operated  almost  continuously  dur¬ 
ing  the  entire  test.  The  test  time  often  will  be  greater  than  the  designed  life 
of  the  equipment.  Provision  must  be  made  to  continually  monitor  the  subsystems 
for  operating  malfunctions  and  replace  them  at  the  proper  time. 


71 


Method  B  presents  more  interference  insertion  problems  than 
Method  A  because  of  the  low  impedance  of  system  power  lines.  Special  high- 
power  transient  generators,  current  transformers,  and  other  devices  are 
necessary  to  reproduce  and  insert  power-line  interference  at  the  required 
level . 


The  adveintages  and  disadvantages  of  both  methods  are  summarized 
and  compared  in  Figure  2. 


IV.  CONCLUSIONS 

Method  B  is  preferred,  since  it  tests  each  subsystem  in  the  presence 
of  the  actual  system  interference  environment,  eliminates  the  anomaly  of  power¬ 
line  impedance,  and  requires  fewer  personnel  and  fewer  laboratory  facilities 
than  Method  A.  Therefore,  the  cost  of  Method  B  is  less  as  compared  to  the  cost 
of  Method  A. 


The  great  advantage  of  Method  A  is  the  considerable  saving  in  over¬ 
all  test  time.  However,  the  decreased  test  time  is  purchased  with  increased 
expenditure  for  laboratory  facilities  and  personnel. 

Circumstances  may  dictate  a  judicious  combination  of  the  two  methods 
to  obtain  a  reasonable  balance  of  cost  and  time. 
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SPECTRAL  MEASUREMENTS  OF  RADIO  INTERFERENCE 
WITH  A  COHERENT  MEMORY  FILTER 

J.  Capon 

Federal  S!.ientific  Corporation 
615  West  131at  Street 
New  York  27,  New  York 


Abstract.  It  is  often  desirable  to  know  the  spectrum  of  a  signal.  This 
measurement  has  been  performed  by  devices  which  could  be  divided, 
with  few  exceptions,  into  two  groups;  the  heterodyne  type,  and  the 
bank-of-filters  type.  The  heterodyne  type  of  spectrum  analyzer  utilizes 
a  fixed  narrow-band  intermediate-frequency  filter  and  a  tunable  local 
oscillator.  This  device  does  not  analyze  the  spectrum  in  real  time;  i.  e,  , 
it  is  not  possible  to  measure  the  entire  spectrum  without  recording  the 
signal  and  playing  it  bacl^nrmny  times. 

The  second  type  of  spectrum  analyzer  employs  a  bank  of  filters. 

The  measurement  of  the  spectrum  with  this  device  can  take  place  in  real 
time,  so  that  this  type  of  analyzer  possesses  an  advantage  over  the  previous 
one,  in  this  respect.  However,  it  is  cumbersome  to  implement  a  baidc  of 
filters,  and,  in  addition,  it  yields  only  a  gross  approximation  of  tlie  signal 
spectrum. 

A  different  approach  to  the  spectrum  analysis  problem  has  been 
proposed.  This  approach  utilizes  a  recirculating  delay-line-heterodyne 
feedback  loop  to  obtain  an  excellent  approximation  of  the  signal  spectrum 
in  real  time.  This  device  is  known  as  the  coherent  memory  filter,  and  it 
has  the  advantages,  with  respect  to  the  bank  of  filters,  of  being  capable 
of  observing  rapid  changes  in  the  input  spectrum  that  occur  from  one 
processing  period  to  the  next,  and  of  providing  continuous  spectral  coverage. 

In  addition,  the  processing  period,  or  integration  time,  of  the  coherent 
memory  filter  is  easily  adjustable,  so  that  variable- resolution  analysis 
of  nonstationary  spectra  is  possible.  This  is  the  equivalent  of  continually 
changing  the  number  of  filters,  and  their  bandwidths,  in  a  filter  bank 
consisting  of  hundreds  of  filters. 

Experimental  results  obtained  in  the  analysis  of  radio  interference 
signals  are  presented.  It  is  found  experimentally  that  a  processing  time  of 
about  20  msec  is  desirable  for  the  measurement  of  the  spectra  of  these  signals. 
The  frequency  coverage  of  the  spectral  analysis  was  0  to  8kc,  and  triangular- 
weighting  was  employed,  so  that  an  effective  resolution  of  73  cps  was  obtained. 
Thus,  roughly  speaking,  the  equivalent  of  a  filter  bank  with  approximately  100 
filters,  each  with  an  effective  bandwidth  of  73  cps,  was  synthesized. 


I,  INTRODUCTION 


There  are  many  types  of  radio  interference  signals  which  are  of 
a  random  nature.  In  many  instances,  these  signals  can  be  characterized 
by  their  spectra.  In  the  present  work,  experimental  results  concerning 
the  spectra  of  two  kinds  of  radio  interference  will  be  presented,  namely, 
atmospheric  whistlers  and  ignition  noise. 

These  spectral  measurements  have  been  made  previously  by 
analyzers  which  could  be  divided,  with  few  exceptions,  into  two  groups: 
the  heterodyne  type,  and  the  bank- of- filters  type.  The  heterodyne  type 
of  spectrum  analyzer  utilizes  a  fixed  narrow-band  intermediate- 
frequency  filter  and  a  tunable  local  oscillator.  This  device  cannot  analyze 
the  spectrum  in  real  time;  i.  e.  ,  the  information  concerning  the  spectrum 
of  the  signal  cannot  be  read  out  in  a  time  which  is  short,  or  comparable, 
to  the  processing,  or  integration,  time  of  the  analyzer. 

The  second  type  of  spectrum  analyzer  employs  a  bank  of  filters. 

The  measurement  of  the  spectrum  with  this  device  can  take  place  in  real 
time,  so  that  this  type  of  analyzer  possesses  an  advantage  over  the  previous 
one,  in  this  respect.  However,  it  is  cumbersome  to  implement  a  bank  of 
filters,  and,  in  addition,  only  a  gross  approximation  of  the  signal  spectrum 
is  yielded  (as  with  the  previous  analyzer). 

The  coherent  memory  filter^  represents  a  relatively  new  approach 
to  the  spectrum  analysis  problem.  This  approach  utilizes  a  recirculating 
delay-line-heterodyne  feedback  loop  to  obtain  an  excellent  approximation  of 
the  signal  spectrum  in  real  time.  This  analyzer  also  has  the  advantages,  with 
respect  to  the  bank- of- filters  type,  of  being  capable  of  observing  rapid  changes 
in  the  input  spectrum  that  occur  from  one  processing  period  to  the  next,  and 
of  providing  continuous  spectral  coverage.  The  purpose  of  the  present  work 
is  to  illustrate  the  accuracy  with  which  the  spectra  of  radio  interference  signals 
can  be  measured,  and  to  point  out  the  high  speed  with  which  these  results  can 
be  obtained.  In  fact,  the  coherent  memory  filter  operates  at  a  speed  which 
is  very  close  to  the  theoretically  maximum  inforination  extraction  rate. 

n.  EXPERIMENTAL  RESULTS 

The  experimental  results  obtained  with  the  coherent  memory  filter 
concerning  atmospheric  whistlers  are  shown  in  Figs.  1  to  4,  and  those  on 
ignition  noise  are  shown  in  Figs.  5  and  6.  It  was  found  experimentally  that 
a  processing  time  of  about  20  msec  is  desirable  for  the  measurement  of  the 
spectra  of  atmospheric  whistlers  and  ignition  noise.  The  spectra  are  read 
out  in  a  time  of  about  0.  1  msec,  which  is  quite  small  compared  to  the  pro¬ 
cessing  time.  Successive  frames  in  Figs.  1,  3,  and  5  are  sequential  in  time 
and  are  read  from  top  to  bottom  and  then  from  left  to  right. 


The  frequency  coverage  of  the  spectrum  analysis  is  0  to  8  kc,  and 
the  horizontal  axis  in  each  frame  is  calibrated  linearly  in  frequency  between 
0  and  8  kc.  At  the  bottom  of  each  column  of  frames  in  Figs.  1*  3|  and  5, 
there  is  a  frame  containing  frequency  markers  that  are  spaced  400  cps  apart, 
from  0  to  8  kc. 

A  triangular- weighting  function  was  employed  to  time-weight  the  input 
signal  of  the  coherent  memory  filter,  so  that  an  effective  resolution  of  73  cps 
was  obtained.  Thus,  roughly  speaking,  the  equivalent  of  a  filter  bank  extending 
from  0  to  8  kc,  with  approximately  110  filters,  each  having  an  effective  band¬ 
width  of  73  cps,  was  synthesized. 

The  fine  detail  which  can  be  obtained  in  the  spectrum  analysis  is 
pointed  out  in  Figs.  2,  4,  and  6.  In  these  figures,  a  single  frame  is  shown, 
and  this  frame  represents  an  enlargement  of  a  particular  frame,  in  the 
preceding  figure,  which  has  an  arrow  pointing  to  it. 

The  manner  in  which  the  frequency  content  of  the  atmospheric  whistler 
varies  with  time  is  shown  quite  vividly  in  Figs.  1  and  3.  It  is  seen  that  the 
energy  of  the  signal  is  concentrated  at  about  6  kc  at  the  beginning  of  the 
whistler  and  shifts  to  about  1  kc  at  the  end  of  the  whistler.  The  results  on 
the  ignition  noise  in  Figs.  5  and  6  illustrate  clearly  the  random  nature  of 
this,  type  of  radio  interference. 

ni.  CONCLUSIONS 

The  precision  and  speed  with  which  spectral  measurements  of  radio 
interference  signals  can  be  made  with  a  coherent  memory  filter  have  been 
illustrated  for  atmospheric  whistlers  and  ignition  noise.  The  output  of  the 
coherent  memory  filter  can  be  put  in  digital  form  so  that  the  spectral  infor¬ 
mation  can  be  processed  in  a  digital  computer,  in  real  time.  Thus,  vast 
amounts  of  spectral  data  can  be  processed  automatically  by  a  digital  com¬ 
puter,  in  real  time.  This  has  important  implications  in  any  research 
program  dealing  with  a  determination  of  the  salient  characteristics  of 
radio  frequency  interference  signals. 
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MIL-I-006051B  AUDIO-TRANSIENT  GENERATOR 


R.  C.  Dyer 
The  Boeing  Company 
Seattle,  Washington 


Abstract.  -  Tiiterference  susceptibility  testing  per  l'DX-I-00605lB  requires 
that  the  interference  present  in  aeronautical  weapon  systems  be  no  greater 
than  one-half  the  amplitude  required  to  cause  malfunction.  One  method 
of  testing  weapon  systems  to  this  criteria  is  to  double  the  magnitude  of 
the  interference  present  and  determine  if  malfunction  occxirs. 

This  paper  describes  an  audio-frequency  transient  generator 
buLlt  to  generate  interference  external  to  the  system  at  teice  the  measured 
amplitude  and  to  inject  this  interference  back  into  the  weapon  system. 

The  generator  acts  as  the  operating  power  source  as  well  as  the  transient 
source  for  the  equipment  under  tost.  Both  a-c  and  d-c  power  sources  are 
available  for  the  equipment  under  test,  with  or  without  transients  on  these 
power  sources.  Shaping  of  transients  and  injecting  them  on  the  power  lines 
are  discussed.  Operation  of  the  generator  has  proven  highly  successful, 

I.  INTRODUCTION 

The  Boeing  Company  has  constructed  an  audio-transient  generator 
used  in  testing  aeronautical  weapon  systems  (missiles,  aircraft,  etc.)  to 
the  requirements  of  M[L-r-00605lB, 

MEI1-I-OO605IB  is  the  rallitaiy  specificatiwi  that  defines  the 
limit  of  allowable  radio  self  interference  in  aeronautical  weapon  systems. 

The  primary  requirement  of  MIL-I-OO605IB  is  that  adl  normally 
present  interference  shall  be  no  greater  than  one-half  the  level  necessary 
to  cause  malfunction.  The  method  used  to  prove  compliance  with  this  re¬ 
quirement  is  to  measure  the  existing,  internal  interference  of  the  missile 
or  system,  simulate  a  similar  interference  pattern  external  to  the  missile; 
and  insert  the  simulated  interference  back  into  the  missile  at  twice  the 
original  measured  value.  If  no  missile  malfunction  occurs,  the  require¬ 
ment  of  MIL-I-OO605IB  is  met. 

The  philosophy  behind  this  method  of  testing  is  that  all  areas 
of  the  system  under  test  are  conpletely  infiltrated  by  the  test  transient, 
eliminating  the  necessity  of  analyzing  the  system  for  the  most  susceptible 
points  and  monitoring  only  these.  The  possibility  of  overlooking  some 
critical  point  is  eliminated  and  internal  modification  of  the  equipment 
under  test  is  not  necessary.  Assembly  of  special  monitoring  equipment  is 
obviated  as  normal  operation  is  the  only  quality  monitored. 

This  test  system  involves  two  major  problems.  The  first  is  the 
external  generation  of  audio-fi’equency  transients  of  the  same  shape  as 
those  observed  in  the  missile.  The  second  is  the  generation  of  the  tran¬ 
sients  with  sufficient  power  to  inject  the  transient  onto  the  missile  power 
lines. 
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The  audio- transient  generator  was  built  to  perforin  both  func¬ 
tions.  The  transient  shape  is  adjustable  over  a  wide  range  and  a  tran¬ 
sient  power  output  of  UOO  watts  is  available.  Assembling  general  purpose 
test  equipment  to  do  this  job  is  difficult  and  time  consuming. 

II.  TRANSIENT  SHAPE  CffiNERATION 


Required  Transients 


The  shapes  of  the  required  a-c  and  d-c  transients  were  determined 
by  observation  of  the  transients  existing  in  various  systems.  All  of  the 
d-c  transients  observed  were  of  one  basic  shape  (Figure  1)  or  deviations 
thereof.  The  most  common  deviation  was  a  "carrier"  amplitude  modulated 
by  the  pulse  of  Figure  1  (Figure  2). 

All  the  a-c  transients  were  basically  the  quiescent  a-c  line 
voltage  amplitude  modulated  by  the  transients  of  Figure  2  (Figure  3). 

All  of  the  transients  observed,  first  in  experimentation  and 
later  in  actual  ndssile  testing,  were  variations  of  the  above  three  pat¬ 
terns.  The  observed  transients  varied  in  time  duration  but  the  propor¬ 
tionate  shape  was  consistent. 

These  shapes  are  to  be  expected  when  consideration  is  given  to 
the  missile  circuitiy  involved.  The  pulse  of  Figure  1  is  comparable  to 
the  output  of  a  low -pass  circuit  with  a  square-wave  input.  Figure  U.  The 
missile  wiring  offers  high-capacitance  paths  to  ground  for  any  high-fre¬ 
quency  transient  components j  that  is,  it  acts  as  a  natural,  low-pass  filter. 

The  pulse  of  Figure  2  is  essentially  a  ringing  pulse  caused  by 
exciting  an  inductance-capacitance  circuit  with  a  step  function.  Both 
the  inductance  and  capacitance  are  easily  provided  by  the  rad.ssile  wiring 
and  circuitry. 

Shape  Generation 

Since  the  basic  transient  shapes  were  consistent,  the  problem 
was  to  generate  these  families  of  shapes  over  an  adjustable  range  of  pulse 
length.  The  shaping  process  was  started  with  the  pulse  of  Figure  1. 

This  shaping  was  accomplished  by  integrating,  clipping,  and  dif¬ 
ferentiating  a  rectangular  wave. 

The  rect^gular  wave  is  integrated  (Figure  5). 

The  pulse  of  Figure  5  is  then  differentiated  and  the  trailing 
edge  clipped  (Figure  6). 
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The  resulhcuit  pulse  is  the  desired  shape  due  to  the  imperfect 
differentiation  of  the  leading  edge  of  the  pulse  of  Figure  5.  The  dura¬ 
tion  and  proportion  of  this  pulse  are  varied  by  changing  the  initial  rec¬ 
tangular  pulse  length  and  by  changing  the  time  constants  of  the  integra¬ 
ting  and  differentiating  circuits.  Pulse  lengths  from  0.01  seconds  to 
10  seconds  are  obtainable  from  the  transient  generator. 

The  shape  of  Figiire  2  can  be  made  by  amplitude  modulating  a 
"carrier”  with  the  pulse  of  Figure  6. 

The  "carrier"  is  obtained  from  a  gated,  flee-running  multivi¬ 
brator.  Three  carrier  shapes  are  availablej  rectangular,  triangular,  and 
sinusoidal.  The  rectangular  wave  is  the  multivibrator  output,  the  tri¬ 
angular  wave  is  obtained  by  integrating  the  multivibrator  output,  and  the 
sine  wave  is  approximated  by  putting  the  triangular  wave  tlirough  a  sine- 
wave  synthesizer.  The  synthesizer  is  a  resistor-diode  network  that  con¬ 
verts  the  triangular  wave  to  an  approximate  sine  wave  by  changing  the  slope 
of  various  sections  of  the  triangular  wave.  The  synthesizer  output  is 
shown  in  Figure  7. 

The  final,  desired  transient  shape  is  obtained  by  ampli.tude 
modulating  the  carrier  with  the  pulse.  The  amplitude  modulation  is  ac¬ 
complished  by  phase  splitting  the  carrier,  modulating,  and  subtracting 
the  imdesired  frequency  components.  Figure  2  is  a  typical  transient. 

If  desired,  the  pulse  alone  may  be  used  as  the  transient  shape  without 
any  modulation,  giving  an  output  similar  to  Figure  1.  Typical  d-c  tran¬ 
sients  are  shown  in  Figure  8, 

Transients  on  a-c  voltages  (Figure  3)  are  produced  by  amplitude 
modulation  of  the  a-c  voltage  with  the  pulses  of  Figures  1  and  2, 

HI.  APPLYING  TRANSIENTS  TO  POm  LEADS 
Comparison  of  Methods 


The  second  major  problem  in  building  the  transient  generator 
was  devising  a  method  for  putting  large  transients  onto  missile  a-c  and 
d-c  power  lines  without  lowering  normal  operating  voltages  and  without 
damaging  the  transient  or  missile  power  sources. 

If  the  transient  supply  is  simply  connected  across  a  missile 
power  line  (Figure  9-a)  the  transient  supply  is  operating  into  the  par¬ 
allel  combination  of  the  missile  load  and  the  output  impedance  of  the 
missile  power  supply. 

The  low,  output  impedance  of  the  missile  power  supply  will  make 
it  difficult  to  vary  the  missile  line  voltage  without  causing  large  cur¬ 
rents  in  the  missile  supply,  with  the  attendant  danger  of  bximing  out  the 
missile  supply. 
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If  the  transient  sotirce  were  placed  in  series  with  the  missile 
supply  (Figure  9-b),  the  output  impedance  of  the  transient  source  must  be 
kept  low  to  maintain  normal  operating  voltage  on  the  missile  load  and  to 
prevent  the  transient  source  from  absorbing  power  from  the  missile  supply. 

If  the  turns  ratio  of  the  coupling  transformer  is  such  as  to 
keep  the  output  impedance  low,  the  transient  output  voltage  will  also 
be  loWj  and  the  magnitude  of  the  transient  that  can  be  applied  will  be 
limited  accordingly. 

Transients  on  D-C  Power 


The  ^stem  of  transient  application  used  on  d-c  power  lines 
(Figure  9-c),  is  in  essence  one  of  supplying  power  to  the  missile  loads 
from  an  external  power  source  through  a  controlled  series  resistance. 
Varying  the  series  resistor  according  to  the  transient  shape  causes  the 
voltage  across  the  missile  load  to  vary  in  inverse  fashion.  In  terms  of 
actual  hardware,  the  series  resistor  is  a  series  volta.ge  regulator.  The 
regulator  suppl ies  both  normal  operating  voltage  and  transient  voltages 
to  the  missile.  In  the  quiescent  state,  the  regiiLator  supplies  a  constant 
regulated  voltage.  When  a  transient  is  desired,  the  transient  shape  is 
used  to  modulate  the  regulator  reference  voltage  and  the  regulator  output 
follows  accordingly,  applying  the  transient  to  the  missile  power  line. 

The  series  regulators  are  convention- 1  circiiits  employing  dif¬ 
ferential  amplifiers  operating  over  a  wide  dynamic  range,  allowing  the 
regulator  output  voltage  to  follow  changes  in  the  reference  voltage. 

Output  impedance  of  the  regulators  is  less  than  1  ohm.  D-G  power 
to  operate  both  the  regulators  and  their  missile  loads  is  furnished  by 
conventional  d-c  power  supplies. 

Transients  on  A-C  Power 


The  method  for  applying  transients  to  a-c  power  lines  differs 
from  that  used  on  d-c  lines.  In  the  a-c  case,  an  a-c  amplifier  is  used 
to  operate  the  equipment  under  test,  with  an  a-c  modulator  supplying  the 
low-level  a-c  input  to  the  amplifier.  When  transient  shapes  are  put  into 
the  a-c  modulator,  transient  modulation  of  the  low-level  a-c  signal  occurs, 
pie  transient-modulated  signal  then  goes  to  the  a-c  amplifier  where  it 
is  ^plified  and  applied  as  primary  a-c  power  to  the  item  being  tested. 
Typical  a-c  transients  are  shown  in  Figure  3, 

Special  A-C  Method 

Some  loads  draw  more  a-c  power  than  can  be  supplied  by  readily 
available  a-c  amplifiers.  A  different  method  of  generating  a-c  transients 
is  used  in  these  cases. 
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This  method  consists  of  operating  the  missile  a-c  load  from  two 
transformer  secondaries  connected  in  series.  When  a  transient  is  desired, 
one  of  the  secondaries  is  shorted,  giving  an  instantaneous  reduction  in 
missile  a-c  voltage.  The  second  transformer,  actually  a  variable-power 
transformer,  is  then  activated  a  mechanical  system  to  return  the  mis¬ 
sile  voltage  to  the  normal  operating  value,  A  fuse  must  be  replaced  and 
the  device  set  through  a  reset  cycle  each  time  a  transient  is  thus  gener¬ 
ated.  The  type  of  transient  generated  is  shown  in  Figure  10,  Figure  11 
is  a  schematic  of  the  system  and  Figure  12  is  a  photograph  of  a  preU.minary 
hardware  configuration. 


IV.  GENERAL 

Figure  9  is  a  block  diagram  of  the  complete  transient  generator. 
The  signal  generator  and  the  d-c  regulator-modulator  are  the  transient 
shaping  and  voltage-regulator  circuits  described  above.  The  sync  unit  is 
a  reference -time  generator  that  triggers  the  signal  generator. 

To  test  the  susceptibility  of  equipment  to  transients,  the  item 
to  be  tested  is  connected  to  the  d-c  regulator-modulator.  When  the  sync 
unit  triggers  the  signal  generator,  the  desired  transient  shape  is  produced 
by  the  generator.  The  transient  then  is  fed  to  the  d-c  regulator-modu¬ 
lator  as  a  reference  voltage,  and  appears  at  the  output  of  the  d-c  regu¬ 
lator-modulator  as  a  transi.ent  applied  to  the  primary  d-c  power  source 
of  the  equipment  xmder  test. 

When  a-c  lines  are  being  tested  the  transient  shape  from  the 
signal  generator  is  fed  to  the  a-c  modulator- os dilator  where  the  oscil¬ 
lator  signal  is  modulated  by  the  transient  shape  at  a  low  signal  level. 

Tiie  modulated  a-c  signal  is  then  amplified  by  the  a-c  amplifier  and  used 
to  drive  the  load  under  test. 

Figure  lU  is  a  photograph  of  the  generator.  The  rack  as  pic¬ 
tured  contains  6  signal  generators,  7  d-c  regulator-modulators,  3  a-c 
amplifiers,  a  sync  unit  and  all  supporting  functions.  This  hardware  con- 
figiuration  allows  the  simultaneous  generation  of  6  independent  transients 
and  the  operation  of  at  least  as  many  separate  power  lines. 
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The  transient  generator  can  supply  the  following  operating  vol¬ 
tages  with  or  without  audio-frequency  transients. 


Voltage 

Maximum  Current 

+  UOO  vdc 

2,0  amps 

+  300  vdc 

2.0  amps 

+  250  vdc 

2,0  amps 

+150  vdc 

2.0  amps 

+  28  vdc 

5.0  amps 

-  28  vdc 

0.5  amps 

-  l50  vdc 

0.5  amps 

-  250  vdc 

0.5  amps 

-  300  vdc 

0.5  amps 

UO  vac. 

900  cps 

60  watts 

10  vac. 

900  cps 

60  watts 

6  vac. 

900  cps 

60  watts 

The  maximum  transient  power  that  can  be  applied  to  the  d-o  vol¬ 
tages  is  limited  by  the  maximum  regulator  current  which  in  tura  is  limited 
by  the  ciorrent  capacity  of  the  series  regulating  tubes.  When  the  impedance 
of  the  load  is  so  large  that  current  is  not  the  limiting  factor,  the  max¬ 
imum  transient  power  available  is  plus  or  minus  75  volts  from  the  regulator 
operating  voltage. 


V.  CONCLUSION 

The  transient  generator  provides  a  satisfactory  and  very  flex¬ 
ible  means  of  testing  the  susceptibility  of  electronics  systems  to  audio¬ 
frequency  transients. 

By  injecting  the  tramsients  on  equipment  power  lines  all  maximum 
susceptibili.ty  points  are  checked  without  the  necessity  of  analyzing  the 
design  and  estimating  the  location  of  these  points.  Use  of  the  generator 
requires  no  modification  and  little  detail  knowledge  of  the  internal  oper¬ 
ation  of  the  equipment  being  tested. 

A  wide  variety  of  readily  adjustable  transient  shapes  expedites 
equipment  testing  and  precludes  the  necessity  of  off-hand  fabrication  of 
each  transient  shape.  Four  hundred  watts  of  conveniently  usable  transient 
power  are  available. 
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^MODULATING  ENVELOPE 


FIGURE  2  TYPICAL  TRANSIENT 


(a)  VEItriCAL  20V/CM  (b)  VERTICAL  20V/CM 

HORIZONTAL  lOMS/CM  HORIZONTAL  20MS/CM 

FIGURE  3  TYPICAL  GENERATED  A-C  TRANSIENT 


FIGURE  5  INTEGRATED  SQUARE  WAVE  WITH 
TRAILING  EDGE  CLIPPED 


I 

I  .Removed  by  diouf. 

figure  6  PULSE  OF  FIGURE  4  D IFFERENTIATED 
AND  TRAILING  EDGE  CLIPPED 


VERTICAL!  2  V/OW 
HORIZONTAL:  50  MS/CM 


FIGURE  8  typical  GENERATED  D-C  TRANSIENT 


figure  4  LOW  PASS  NETWORK  CREATED 
BY  WIRING  CAPACITANCE 
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FIGURE  7  SYNTHESIZER  OUTPUT 
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FIGURE  9c  TRANSIENT  GENERATOR  Ad  PASSIVE  DEVICE 
!N  SERIES  WITH  MISSliE  LOAD 
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FIGURE  9b  TRANSIENT  GENERATOR  IN  SERIES 

WITH  MISSILE  POWER  SUPPLY 
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FIGURE  10 


A-C  TRANS  I  ENT  GENERATED  BY 
TRANSFOR/YfR  CIRCUIT  OF  FIGURE  12. 


FUSE 


MISSILE 

LOAD 


FIGURE  II  CIRCUIT  USED  TO  PUT  TRANSIENTS  ON  115v, 

400  CPS  POWER  LINE 


SPECIAL  A-C  TRANSIEN  f  GENERATOR  FIGURE  12 
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BLOCK  DIAGRAM 


FIGURE  14 


A  HIGH-POWER,  WIDE-RANGE,  ULTRA-STABLE 
MICROWAVE  SIGNAL  SOURCE 


L.  R.  Moses 

Electromagnetic  Vulnerability  Lab.  ,  RADC 
Rome,  N.  Y. 


D.  E.  Farmer  and  W,  J.  Messmer 
American  Electronic  Laboratories,  Inc. 
Philadelphia,  Pa. 


Abstract.  -  This  paper  discusses  the  design  and  performance  of  a  high- 
Power  RF  Signal  Source  developed  by  American  Electronic  Laboratories, 
Inc.  for  Rome  Air  Development  Center.  The  Signet!  Source  covers  the 
frequency  range  of  40  me  to  40  kmc.  The  RF  power  output  cam  exceed 
100  watts  at  frequencies  below  4  kmc.  Above  4  kmc  the  power  output  falls 
off.  Frequency  stability  of  the  order  of  one  part  in  one  himdred  million  is 
achieved  by  locking  the  system  to  an  ultrastable  standard.  Pulse,  sine,  and 
square-wave  amplitude  modulation,  and  sawtooth  frequency  modulation  are 
provided. 


I.  INTRODUCTION 

The  Intensive  efforts  now  in  progress  to  study  and  reduce  the 
effects  of  radio  frequency  interference  will  require  iimTimerable  RF  signal 
generators  possessing  a  wide  variety  of  properties.  To  the  extent  that  ver¬ 
satility  can  be  designed  into  a  signal  generator,  the  ntimber  of  special-purpose 
instruments  needed  can  be  reduced.  In  that  direction,  the  Electromagnetic 
Vulnerability  Laboratory  of  the  Rome  Air  Development  Center  has  consolidated 
many  of  its  instrumentation  requirements  in  its  specifications  for  a  "High- 
Power,  Wide-Range,  Ultra-Stable,  Microwave  Signal  Source.  "  The  purpose 
of  this  paper  is  to  describe  the  equipment  which  has  been  developed  by  AEL 
to  fulfill  RADC's  needs.  Although  most  of  the  desirable  properties  of  a 
versatile  RF  source  are  obvious,  reviewing  them  briefly  will  provide  a  back¬ 
ground  to  the  description  of  the  instrument: 

High  Power  Output 

The  maximum  RF  test  power  establishes,  with  other  factors,  the 
lower  limit  of  sensitivity  at  which  measurements  can  be  made.  Measurements 
of  highly  attenuated  antenna  lobes,  skirt  characteristics  of  filters,  RF  fields 
inside  well-shielded  enclosures  and  attenuator  characteristics  are  among  the 
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applications  where  high  relative  power  is  useful.  High  absolute  RF  power  is 
needed  to  reproduce  the  field  strengths  generated  by  transmitters  in  order  to 
study  their  influence  on  nearby  equipment. 

Wide  Frequency  Range 

Many  RFI  tests  will  require  exploring  large  portions  of  the  spec¬ 
trum  to  ascertain  the  effects  of  interference  on  equipment.  It  is  advantageous 
to  have  wide  frequency  coverage  in  a  single  instrument,  not  only  to  reduce 
set-up  time,  but  also  to  minimize  the  problem  of  determining  and  controlling 
the  relative  performance  of  separate  narrow-range  generators. 

Frequency  Stability  and  Accuracy 

Repeatability  of  tests  on  frequency-sensitive^  equipments  and  com¬ 
ponents,  measurement  of  fine  grain  frequency-response  structure,  and  RFI 
susceptibility  measurements  on  narrow -band  systems  require  test  signals  at 
stable  and  accurately  known  RF  frequencies. 

Signal  Purity 

Easy  interpretation  of  susceptibility  test  data  Ccdls  for  RF  test 
signals  of  high  purity.  Spurious  and  harmonic  signal  content  must  be  at  a 
minimum.  Amplitude  modulation  should  produce  no  frequency  modulation 
and  frequency  modulation  should  not  be  accompanied  by  incidental  amplitude 
modulation.  Signal -to -noise  ratio  should  be  as  high  as  possible. 

n.  DESIGN  AND  PERFORMANCE  SUkiMARY 


Performance 


The  High-Power  Signal  Source  is  continuously  tunable  over  the  fre¬ 
quency  range  40  me  to  40  kmc.  The  RF  power  output  is  100  watts  CW  from 
40  me  to  4  kmc.  From  4  kmc  to  18  kmc  the  power  output  exceeds  one  watt. 
Above  18  kmc  the  output  falls  to  the  order  of  one  milliwatt  at  40  kmc.  The 
power  output  is  adjustable  over  a  100  db  range.  The  set  power  is  maintained 
constant  automatically  as  the  frequency  is  tunjed  through  each  band.  Two 
modes  of  stable  operation  are  provided.  In  ohe  mode,  a  stability  of  one  part 
in  10®  is  available.  A  second  mode  allows  a  simplified  operating  procedure 
at  a  stability  of  five  parts  in  10®.  Pulse,  sine,  and  square-wave  amplitude 
modulation  over  a  frequency  range  of  10  cps  to  20,000  cps  is  available  in  the 
system.  The  shortest  pulse  width  attainable  is  30  nanoseconds.  Sawtooth 
frequency  modulation  is  also  included  in  the  Signal  Source.  The  FM  rate  is 
adjustable  between  10  cps  and  10,000  cps.  The  maximum  attainable  FM 
deviation  is  dependent  on  the  RF  frequency.  At  40  kmc  a  deviation  of  65  me 
can  be  obtained.  Both  FM  and  AM  can  be  applied  simultaneously.  Signal 


purity  is  maintained  by  applying  amplitude  modulation  at  a  frequency- 
insensitive  point  and  frequency  modxilation  at  an  amplitude-insensitive 
point  in  the  system.  Spurious  and  harmonic  signals  are  minimized  by  the 
use  of  fixed  and  ttmable  filters. 

Design  Principles 

The  design  of  the  Signal  Source  is  an  expansion  of  the  Master 
Oscillator  -  Power  Amplifier  technique.  An  elementary  form  of  the  system 
is  shown  in  Figure  1.  A  tunable  oscillator  provides  an  RF  signal  between 
500  me  and  1,  000  me.  This  signal  is  amplified  to  produce  a  high-power 
output  in  the  same  band.  Any  signal  between  1  kmc  and  40  kmc  is  produced 
by  successive  steps  of  harmonic  generation  and  amplification.  Filters  are 
used  to  select  the  desired  harmonic  and  reject  all  unwanted  signals.  In  order 
to  produce  a  signal  between  40  me  and  500  me,  the  output  of  the  variable 
500  me  to  1,  000  me  oscillator  is  heterodyned  with  the  output  of  a  second 
oscillator  operating  at  a  fixed  frequency  of  1, 000  me.  The  desired  signal 
is  selected  by  filters.  Both  fixed  and  variable  oscillators  are  stabilized  by 
referencing  their  output  to  a  crystal -controlled  oscillator. 

The  RF  output  of  the  system  is  amintained  constant  by  amplifying 
a  rectified  sample  of  the  output  and  applying  the  result  to  reduce  the  gain  of 
an  amplifier  in  the  signal  chain.  The  ratio  of  the  leveling  sample  to  the  RF 
output  is  manually  adjusted  to  control  the  power  output  of  the  Signal  Source. 

Both  with  respect  to  power  output  and  RF  frequency  only  those 
portions  of  the  amplifying  chain  are  energized  which  are  required  to  give 
the  desired  output.  This  extends  component  life,  conserves  power  and  re¬ 
duces  output  noise. 

The  frequency-modulating  signal  is  applied  to  an  electric2d.ly  vari¬ 
able  reactance  in  the  frequency -determining  element  of  the  500  me  to  1,  000  me 
oscillator.  Pulse  amplitude  modulation  is  applied  to  crystal  switches  in  the 
500  me  to  1,  000  me  line  common  to  the  entire  RF  subsystem.  Audio  AM  is 
introduced  at  a  gain-controlling  element  in  the  500  me  to  1, 000  me  amplifier 
common  to  all  RF  signal  paths. 

All  components  are  designed  for  rack  installation.  The  cabinets 
housing  the  components  include  forced-air  cooling.  Controls,  indicators,  and 
output  connectors  are  mounted  on  the  front  panels  of  the  units.  Interconnec¬ 
tions  are  made  at  the  rear. 
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m.  RF  DESIGN  DETAILS 


The  RF  Subsystem 

Figure  Z  Is  a  block  diagram  of  the  RF  Subsystem.  The  signal 
originates  in  the  500  me  to  1,  000  me  tunable  oscillator  for  all  frequencies 
above  500  me.  This  signal  is  amplified  in  a  medium-power  travelling -wave - 
tube  aimplifier  which  drives  a  high-power  TWT  amplifier  to  yield  100  watts 
CW  in  the  500  to  1,  000  me  band.  Alternatively,  the  medium -power  TWT  can 
be  adjusted  to  yield  sufficient  second  harmonic  to  drive  a  high-power  TWT  in 
the  1  kmc  to  2  kmc  band.  The  change  in  operating  mode  is  controlled  by  the 
manual  band  switch,  which  also  actuates  coaxiad  relays  to  change  the  signal 
path  and  introduce  a  1  kmc  to  2  kmc  tunable  filter  into  the  line.  In  turn,  the 
second  harmonic  of  the  1  to  2  kmc  signal  is  generated  in  a  TWT  amplifier  to 
drive  a  2  to  4  kmc  high-power  TWT  amplifier.  The  medium -power  ampli¬ 
fier  is  operated  also  iinder  a  different  set  of  conditions  to  generate  harmonics 
to  produce  signals  for  the  4  kmc  to  8  kmc  band.  A  third  medium-power  TWT 
serves  as  an  output  amplifier  between  4  and  8  kmc  and  a  harmonic  generator 
from  8  kmc  to  18  kmc.  Its  harmonics  in  turn  are  used  to  drive  a  medium 
power  TWT  in  the  12  kmc  to  13  kmc  band.  A  crystal  doubler,  driven  by 
signals  in  the  two  lower  bands  provides  an  output  between  18  and  26  kmc.  A 
second  crystal  doubler  yields  a  26  to  40  kmc  signal,  when  energized  from 
one  or  the  other  of  the  two  lower  bands. 

In  order  to  generate  signals  between  40  me  and  500  me,  the  output 
of  a  1,  000  me  oscillator  is  added  to  the  output  of  the  500  to  1,  000  me  tunable 
oscillator.  The  summed  signals  are  fed  to  the  500  to  1,  000  me  TWT  ampli¬ 
fier,  which  is  readjusted  to  function  as  a  mixer.  The  difference  signal  is 
fed  through  switches  and  low -pass  filters  which  subdivide  the  40  to  250  me 
range  into  less -than-octave  bands  for  harmonic  elimination.  The  signal  is 
then  amplified  in  five  wide-band  distributed  amplifiers  cascaded  to  provide 
100  watts  RF  output  between  40  me  and  250  me.  Between  250  me  and  500  me 
sufficient  beat  signal  is  obtained  to  drive  a  high-power  TWT  amplifier  directly. 

Nineteen  bands  are  required  to  cover  the  40  me  to  40  kmc  range. 
They  are  not  all  shown  in  Figure  2,  in  the  interest  of  pictorial  clarity. 

Octave  bands  were  feasible  where  tunable  filters  could  be  used  for  signal 
sorting.  Where  fixed  filters  were  used  the  bands  were  subdivided  to  insure 
rejection  of  all  unwanted  harmonic  or  beat  signals.  Many  of  the  bands  are 
switched  to  common  output  terminations  so  that  the  total  number  of  outputs 
is  reduced.  This  permits  the  use  of  power  sampling,  leveling,  and  measur¬ 
ing  components  common  to  many  bands. 

RF  Power  Control 


The  profile  of  RF  power  vs.  frequency  is  shown  in  Figure  3.  The 
upper  line  indicates  the  maximum  power  output  of  the  system.  This  has  been 


-  98  - 


intentionally  limited  to  100  watts  in  order  to  provide  a  margin  for  leveling, 
a  reserve  for  handling  higher  maximum  load  VSWR,  and  protection  for  con¬ 
nected  components.  The  basic  power  capability  reaches  350  watts  in  some 
bands.  Space,  power  supply,  control,  metering,  and  cooling  provisions  have 
been  made  for  high-power  TWT's  for  operation  between  4  auxd  12  kmc.  These 
tubes  can  be  added  when  they  become  available.  The  lower  line  on  the  power 
profile  represents  the  maximum  RF  power  obtained  when  the  signal  is  ex¬ 
tracted  in  some  bands. 

A  typical  RF  power  leveling  loop  is  shov/n  is  Figure  4.  The  RF 
output  is  sampled  with  a  directional  coupler.  The  sample  is  fed  to  a  crystal 
detector  through  a  manually  variable  attenuator.  The  output  of  the  detector 
is  then  amplified  in  a  high-gain,  stabilized  amplifier  and  the  output  signal 
applied  to  the  gain-control  grid  of  a  medium-power  TWT.  Adjustment  of  the 
variable  attenuator  sets  the  power  which  will  be  maintained  by  the  leveling 
loop.  A  separate  RF  power  meter  is  provided  for  monitoring  the  power 
output. 

Frequency  Stabilization 

The  500  me  to  1,  000  me  oscillator  is  actually  a  triode  oscillator 
and  triode  amplifier  in  coupled  cavities  which  are  tuned  by  ganged,  adjust¬ 
able  coaxial  lines  connected  to  a  manual  control  and  frequency  dial.  The 
dial  has  a  frequency  scale  for  each  of  the  19  bands.  Stability  of  this  arrange¬ 
ment  is  five  parts  in  10®.  Alternatively,  the  tunable  oscillator  can  be  phase - 
locked  to  the  harmonics  of  crystal-controlled  20  me  to  40  me  oscillator  to 
achieve  an  accuracy  and  stability  of  one  part  in  10®.  The  1,  000  me  beat 
oscillator  is  stabilized  to  one  part  in  10°  by  a  similar  technique. 

Band  Switching 

A  single  manual  band  switch  controls  all  relays,  switches,  meters 
and  amplifier  operating  conditions  required  for  proper  operation  in  each  band. 

IV.  MODULATION  DESIGN  DETAILS 
Frequency  Modulation 

A  variable -frequency  sawtooth  signal  is  produced  in  a  sawtooth  gen¬ 
erator.  This  signiil  is  applied  to  a  crystal  diode  and  resistor  connected  across 
the  adjustable  coaxial  line  controlling  the  frequency  of  the  500  me  to  1,000  me 
oscillator,  as  shown  in  Figure  5.  The  variation  in  reactance  of  the  diode- 
resistor  combination  introduces  frequency  modulation  into  the  system.  The 
diode  and  resistor  are  also  used  in  the  frequency  stabilization  network  pre¬ 
viously  described. 


Sine  and  Square-Wave  AM 


Variable -frequency  sine  or  square-wave  signals  originate  in  the 
Waveform  Generator.  As  shown  in  Figure  6,  these  are  applied  to  a  reference 
input  point  in  the  RF  leveler  amplifier;  the  resulting  audio  signals  modulate 
a  carrier  oscillator  which  is  transformer  coupled  to  a  rectifier  in  the  control 
grid  circuit  of  the  500  me  to  1,  000  me  TWT  amplifier,  common  to  all  RF 
signal  paths.  The  TWT  gain  variations  thus  produced,  amplitude  modulate 
the  RF  carrier. 

F*ulse  AM 


A  Pulse  Generator  produces  ptilses  variable  in  width  and  repeti¬ 
tion  rate.  The  pulses  are  applied  to  wide-band  crystal  swtiches  inserted  in 
the  common  500  me  to  1,  000  me  RF  line.  The  switches  are  of  the  type,  as 
shown  in  Figure  7.  For  "pulsed-on"  operation  each  switch  is  biased  so  that 
the  series  diodes  are  non-conducting  and  the  shunt  diode  is  conducting  appli¬ 
cation  of  the  ptilse  reverses  this  condition,  thus  turning  the  switch  ON.  By 
exchanging  the  roles  of  pulse  and  bias  "pulsed-off"  operation  is  obtained. 
Two  switches  are  connected  in  series  to  achieve  110  db  isolation  and  3  db 
insertion  loss.  The  switching  time  of  these  switches  is  one  or  two  nano¬ 
seconds. 


V.  AUXILIARY  SUBSYSTEMS  DESIGN 


Input  Power 

The  Signal  Source  requires  about  15  kw  of  power  from  a  three- 
phase,  four-wire,  60-cycle  service.  The  input  voltage  is  regulated  within 
1%  by  a  servo-controlled,  motor-driven,  ganged-variac  arrangement. 

28-Volt  DC  Service 


All  remote  control  circuits  are  energized  from  a  28 -volt  DC 
supply.  A  portion  of  the  28 -volt  output  is  made  available  for  external  use. 

Medium-Power  TWT  Beam  Supplies 

A  separate  beam  supply  is  provided  for  each  medium-power  TWT. 
These  are  alike  in  that  three-phase  bridge  rectifiers  are  used  to  reduce 
ripple,  and  series  vacuum-tube  regulators  are  used  in  the  high-voltage  out¬ 
put  circuit.  The  output  voltage  of  each  is  programmed  from  the  band  switch 
so  as  to  establish  correct  TWT  operation  for  the  band  in  use.  These  power 
supplies  also  furnish  DC  for  the  TWT  heaters  to  prevent  hum  modulation  of 
the  RF  signal. 
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High -Power  TWT  Beam  Supply 


Two  six-phase  half-wave  rectifiers  are  connected  in  parallel  or 
in  series  to  provide  the  beam  voltage  for  the  high-power  TWT  amplifier 
in  use.  Ripple  before  filtering  is  about  l-l/2%  at  720  cps.  The  beam 
voltage  is  regulated  and  programmed  from  the  band  switch  by  means  of 
servo-driven,  ganged  variacs  in  the  primary  circuit  of  the  supples.  "Crow¬ 
bar"  arc -over  protection  is  included.  This  supply  can  energize  high-power 
TWT's  added  to  the  "Signal  Source.  " 

High-Power  TWT  Solenoid  Supply 

A  three-phase  bridge  rectifier  supples  the  current  for  the  TWT 
solenoid  in  use.  This  is  current  regulated,  and  programmed  from  the  band 
switch,  by  means  of  a  current-sensing  servo  driving  a  ganged  variac  assem¬ 
bly  in  the  AC  input  to  the  supply.  This  supply  can  furnish  solenoid  current 
for  TWT's  that  may  be  added  to  the  "Signal  Source.  " 

Contr ols  and  Indie  ato r  s 


Operating  controls  and  indicators  are  grouped  within  the  reach 
and  vision  of  an  operator  standing  at  a  fixed  position  in  front  of  the  Signal 
Source.  Infrequently  used  controls  and  indicators  are  mounted  on  the  units 
to  which  they  relate  circuit-wise. 

Cooling 


Each  vertical  stack  of  units  is  forced-air  cooled.  Air  is  inducted 
through  a  dust  filter  at  rear,  bottom  and  exhausted  at  rear,  top.  The  air 
outlets  are  aligned  for  eash  ducting  outdoors.  Individuad  components  are 
spot  cooled  with  small  blowers,  as  required. 

The  solenoids  and  some  of  the  high -power  TWT's  require  water 
cooling.  A  pump-circulated  closed  water  system  is  included  for  this  pur¬ 
pose.  A  fan-cooled,  water-air  heat  exchanger  removes  the  heat. 

Protective  Circuits 


The  high-power  TWT's  are  protected  against  loss  of  cooling,  beam 
over -current,  helix  over-current,  heater  under -current,  excessive  RF  power 
out,  excessive  reflected  RF  power,  and  arc -over.  Controls  and  relays  are 
interlocked  to  prevent  tube  damage  due  to  failure  of  programming  circuit 
components.  Medium-power  TWT's  are  similarly  protected.  Fuses  or  cir¬ 
cuit  breakers  are  used  to  protect  all  other  units  of  the  "Signal  Source.  " 

Doors  and  drawers  are  interlocked,  and  dangerous  circuits  covered  and 
marked  for  personnel  safety. 
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Packaging 


Figure  8  is  a  photograph  of  the  "High-Power  Signal  Source,  " 
taken  during  assembly.  Six  stacks  of  rack -width  units  are  mounted  in  three 
dual  cabinets.  Almost  all  units  are  slide -mounted  for  withdrawal  to  the 
front.  Rear  access  dorrs  are  also  furnished.  Units  producing  RF  fields 
are  fully  shielded.  A  steel  base  is  provided  to  distribute  the  weight  and 
maintain  alighment  of  the  cabinets.  The  weight  of  the  Signal  Source  is 
approximately  4,800  lbs. 


VI.  CONCLUSIONS 

The  "High-Power  Signal  Source"  is  a  versatile  instrument  pro¬ 
ducing  relatively  ideal  RF  test  signals  over  a  large  portion  of  the  spectrum. 
The  extended  power  range  and  the  high  power  output  make  the  instrument 
useful  in  RFI  tests  requiring  either  large  or  small  RF  signals. 

The  High-Power  Signal  Source  is  expandable  with  respect  to  fre¬ 
quency  coverage.  Only  switches  and  filters  need  be  added  to  madce  100  watts 
output  available  down  to  100  kc.  The  frequency  may  be  extended  above  40  kmc 
by  the  addition  of  passive  doublers  or  amplifiers,  for  which  the  energizing 
power  and  control  circuits  are  already  incorporated  in  the  equipment. 

Power  output  may  be  raised  in  the  C,  X  and  K  Bands  by  the  addi¬ 
tion  of  TWT  amplifiers  when  they  become  available.  Power  supply  and 
control  provisions  had  been  included  for  this  expansion. 
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FIGURE  2 

DETAILED  BLOCK  DIAGRAM 
CALIBRATED  HIGH  POWER  RF  SIGNAL  SOURCE 

RADC  CONTRACT  NO.  AF30(602)-22I9  AEL,  iNC  PROJECT  NO.  60016 
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TYPICAL  RF  POWER  LEVELING  LOOP 

RADC  CONTRACT  NO.  AF30  (602)-22I9  AEL,  !NC  PROJECT  NO.  60016 
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FIGURE  5 

SIMPLIFIED  BLOCK  DIAGRAM 
FM  SUBSYSTEM 

RADC  CONTRACT  NO.  AF30(602)-22I9  AEL,  INC  PROJECT  NO.  60016 
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AMPLITUDE  MODULATION  S  LEVELING  CIRCUIT 

RADC  CONTRACT  NO.  AF30(602)-22!9  AEL,  INC  PROJECT  N0,60016 
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FIGURE  7 

PULSE  MODULATOR  SWITCH 

RADC  CONTRACT  NO.  AF  30  (602)-2219  AEL,  INC  PROJECT  NO.  60016 
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Figure  8  .  Calibrated  High  Power  RF  Signal  Source 

During  Construction 


EXISTING  CURRENT  PROBES  AND 
DEVELOPMENT  OF  NEW  PROBES  TO  1  KMC 


H.  K.  Mertel* 

United  Control  Corporation 
Seattle,  Washingtcxi 

J.  F.  Fischer* 

Genlstron  Incorporated 
I. os  Angeles,  California 

Abstract.  -  This  paper  presents  the  development  and  the  evaluation  of 
current  probes  to  measure  conducted  interference  in  the  frequency  range  of 
30  cps  to  lOOOMC.  Four  commercially  available  current  probes  for  the  30 
cps  to  lOOOMC  frequency  range  were  evaluated.  Two  current  probes  were 
developed  for  the  20MC  to  lOOOMC  frequency  region.  One  current  probe  was 
developed  to  measure  interference  currents  in  large  diameter  cables.  The 
sensitivity  of  these  current  probes  is  sufficient  to  detect  interference  cur¬ 
rents  below  most  existing  specification  limits. 

Several  methods  are  given  to  calibrate  the  current  probes.  In  the  300MC  to 
lOOOMC  frequency  range,  the  current  probes  were  calibrated  by  an  antenna 
method. 


I.  INTRODUCTION 

The  measurement  of  conducted  electro-interference  may  be  accom¬ 
plished  with  several  different  pick-up  devices.  The  level  of  electro-inter¬ 
ference  on  a  conductor  may  be  measured  in  units  of  voltage  or  current. 
Conducted  interference  voltage  measurements  require  some  method  of  coup¬ 
ling  an  interference  source  conductor  directly  to  the  measurement  meter  in¬ 
put.  One  accepted  standard  method  of  establishing  this  physical  contact  is 
the  insertion  of  a  Line  Impedance  Stabilization  Network  into  each  lead  to  be 
tested.  Conducted  interference  current  can  be  measured,  without  making 
direct  contact  with  the  source  conductor  and  without  modification  of  either 
the  conductor  or  its  circuit,  by  use  of  specially  developed  clamp-on  current 
transformers.  The  utility  of  the  latter  method  is  self-evident:  the  interfer¬ 
ence  in  complex  wiring  systems,  electronic  circuits,  etc.  may  be  measured 
without  interruption  of  the  normal  operation  or  configuration. 


♦Authors  formerly  with  General  Dynamics/ Astronautics,  San  Diego, 
California. 


The  current  transformer,  otherwise  known  as  the  current  probe, 
is  constructed  so  that  it  may  conveniently  be  clamped  around  the  c<mductor 
to  be  measured.  The  conductor  represents  a  one-turn  primary  winding. 

I'he  secondary  winding  is  contained  within  the  current  probe.  One  specific 
current  probe  has  proved  extremely  useful  for  Interference  measurement 
in  the  frequency  range  of  150  kc  to  25  Me  for  some  time.  In  an  effort  to 
further  ejctend  the  utility  of  current  probe  measurements,  several  current 
probes  were  developed  and/or  evaluated  for  effectiveness  in  the  frequency 
range  of  30  cps  to  1000  Me. 

II.  THEORETICAL  AND  PHYSICAL 
CONSIDERATIONS  FOR  CURRENT  PROBES 

Physical  and  Electrical  Considerations  for  Current  Probes 

The  physical  size  of  the  current  probe  is  a  function  of  the  maximum 
cable  size  to  be  monitored,  the  maximum  power  current  flowing  in  the  cable, 
and  the  range  of  slg-nal  frequencies  to  be  measured.  The  current  probe  is 
usually  of  toroidal  shape  with  the  conductor  to  be  measured  placed  within  the 
center  opening  of  the  toroid.  Existing  requirements  and  manufacturer's 
specifications  for  probes  show  that  the  center  opening  may  vary  from  1/16 
in.  to  8  in.  diameter.  The  secondary  winding  is  placed  on  the  toroid  in  such 
a  manner  as  to  facilitate  the  clamp-on  function  of  the  probe.  The  toroidal 
core  and  winding  is  enclosed  with  a  shield  to  prevent  electrostatic  pick-up. 
The  shield  is  gapped  to  prevent  it  from  being  a  shorted  turn  on  the  trans¬ 
former. 

Current  Probe  Sensitivity  and  Transfer  Impedance 

Development  and/ or  evaluation  of  current  probes  for  30  cps  to 
1000  Me  usage  required  that  levels  of  minimum  sensitivity  be  determined 
outside  the  150  kc  to  25  Me  range  of  conducted  interference  defined  in  MIL- 
1-26600.  In  the  region  from  30  cps  to  150  kc,  the  specification  GM  07-59- 
2617A  was  used  as  a  reference.  Space  Technology  Laboratories  is  the 
source  of  this  specification,  and  its  limits  are  pertinent  as  an  indication  of 
trends  in  present  day  weanon  systems  thinking.  No  endorsement  of  these 
Umits  is  intended  by  its  reference.  From  25  Me  to  1000  Me,  existing  speci¬ 
fication  limits  consider  only  radiated  interference.  In  this  frequency  range 
the  limit  was  empirically  determined  (by  a  simulated  radiated  interference 
measurement)  to  be  equivalent  to  one  micro-ampere.  ^  The  composite 
specification  limit  from  30  cps  to  1000  Me  is  shown  in  Figure  1  for  CW  in¬ 
terference.  The  broadband  specification  limit  would  be  correspondingly 
higher. 


The  current  probe  must  have  sufficient  sensitivity  to  detect  inter¬ 
ference  currents  below  the  levels  of  the  referenced  specification  limits. 

The  sensitivity  of  the  current  probe  may  be  conveniently  expressed  in  terms 
of  transfer  impedance.  Transfer  impedance  is  defined  as  the  ratio  of  sec¬ 
ondary  voltage  (across  a  50  ohm  resistive  load)  to  the  primary  current 
(Z,p  =  Eg/L).  Overall  sensitivity  of  the  current  probe  and  RFI  receiver 
is  also  a  fimctlon  of  the  receiver  sensitivity.  Minimum  detectable  interfer¬ 
ence  current  in  a  conductor  is  the  ratio  of  receiver  sensitivity  (volts)  to 
current  probe  transfer  Impedance  (ohms).  For  instance,  if  a  one  micro¬ 
volt  receiver  and  a  current  probe  with  a  transfer  impedance  of  10  ohms  are 
used,  then  the  minimum  measurable  interference  current  is  0.  1  micro¬ 
ampere.  However,  if  a  10  microvolt  receiver  and  a  1  ohm  current  probe  are 
used,  then  the  minimum  measurable  current  is  10  micro-amperes.  To  ob¬ 
tain  maximum  sensitivity,  the  transfer  Impedance  should  be  as  high  as  possi¬ 
ble. 


The  transfer  impedance  is  often  expressed  in  terms  of  db  above  one 
ohm.  This  is  a  convenient  unit  in  reference  to  the  more  general  RFI  units  of 
db  above  one  microvolt  or  micro-ampere.  (Z^p  in  terms  of  db  above  one 
ohm  *  20  Log  Z. ) 


Equivalent  Electrical  Circuit  of  Current  Probe 


The  current  probe  may  be  represented  by  an  exact  equivalent  circuit 
from  general  transformer  theory.  It  is  not  necessary  to  repeat  the  circuit 
here  since  it  is  shown  in  many  standard  textbooks^  and  special  reports.  ^ 
After  considerable  simplification  of  the  exact  circuit  and  derived  equations, 
the  following  equations  for  the  transfer  impedance  result: 


High  frequency  case:  2-p 


to  M 


Mid  frequency  case:  2 
(when  W  ^  LC  =  1) 


MR^ 

L 
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Low  frequency  case: 


I 

E 


M 


where;  *  Traiisfer  impedance 

“  Mutual  inductance  between  primary  and  secondary 
L  *  Inductance  of  secondary  winding 

“  Load  Impedance  of  secondary  (usually  50  ohms) 

C  =  Distributed  capacitance  of  secondary 
CO  »  Frequency  in  radian/ second 

The  following  conclusions  may  be  drawn  from  these  equations: 

1.  The  maximum  transfer  impedance  at  mid-frequency,  for  a  constant 
load  impedance,  is  directly  proportional  to  the  ratio  of  mutual  in¬ 
ductance  to  secondary  inductsince. 

2.  The  low  frequency  half  power  point  occurs  when  the  reactance  of 
the  secondary  winding  is  equal  to  the  load  resistance. 

3.  The  high  frequency  half  power  point  occurs  when  the  reactance  of 
the  secondary  distributed  capacitance  is  equal  to  the  load  resistance. 

The  design  parameters  for  a  cimrent  probe  in  the  frequency  range  of  150  kc 
to  25  Me  were  previously  evaluated.  ^  The  highest  linear  transfer  impedance 
was  obtained  with  two  secondary  windings  of  8  turns  connected  in  parallel. 

Deleterious  Effects  of  Current  Probe  Measurements 

The  current  probe  is  essentially  a  transformer  and  therefore  reflects 
the  secondary  Impedance  into  the  primary,  'fhe  reflected  impedance  is  a 
function  of  the  secondary  winding  only,  since  both  the  primary  windings  and 
the  load  resistance  are  constant.  For  an  8-tum  secondary  winding,  the  re¬ 
flected  Impedance  is  approximately  one  ohm.  So  long  as  the  combination  of 
source  and  load  impedance  of  the  circuit  to  be  measured  is  greater  than  one 
ohm,  the  application  of  the  current  probe  will  not  greatly  alter  the  primary 
current  flow.  However,  if  the  sum  of  the  circuit  source  and  load  Impedance 
is  less  than  the  reflected  Impedance,  the  application  cf  the  current  probe  may 
alter  the  primary  current  flow  considerably. 
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One  Intended  current  probe  application  Is  the  measurement  of  inter¬ 
ference  current  on  primary  power  lines  which  may  carry  up  to  300  amperes 
of  dc  or  50  amperes  of  ac.  The  current  probe  may  also  be  used  in  the 
vicinity  of  devices  which  generate  strong  external  magnetic  fields.  The  cur¬ 
rent  probe  transfer  Impedance  must  not  be  altered  by  these  power  currents 
or  flux  densities.  Therefore,  the  magnetic  circuit  must  be  designed  so  that 
it  will  not  saturate.  Since  the  ac  power  current  may  be  in  the  frequency 
range  of  20  to  15,000  cps;  it  is  possible  that  the  current  probe  output  at  these 
power  frequeucles  may  damage  the  input  resistor  of  the  associated  receiver, 
A  possible  solution  is  the  insertion  of  power  frequency  rejection  filters  be¬ 
tween  the  current  probe  and  the  receiver. 

HL  AVAILABLE  COMMERCIAL  CURRENT  PROBES 
Stoddart  91550-1  Current  Probe 

The  Stoddart  current  probe  was  speclfcally  designed  for  interference 
current  measurements  sind  has  been  in  use  for  several  years.  The  transfer 
Impedance  for  this  probe  is  sufficiently  high  to  detect  interference  current 
below  the  specification  limits  with  a  one  microvolt  receiver  for  the  30  cps 
to  100  Me  frequency  range.  Table  1  is  a  comparison  of  physical  and  electri¬ 
cal  data  for  several  current  probes.  Figure  2  shows  the  transfer  Impedance 
for  the  Stoddart  current  probe. 

Empire  Devices  C  P-105  Current  Probe 

The  Empire  Devices  current  probe  is  similar  to  the  Stoddart  current 
probe.  The  size  of  the  probe  aperture,  winding  configuration,  and  number  of 
turns  are  the  same  for  both  probes.  The  transfer  impedance  is  one  ohm 
over  the  frequency  range  of  150  kc  to  30  Me.  The  oiitput  voltage,  as  meas¬ 
ured  by  the  Interference  receiver,  has  a  1:1  relationship  to  the  primary 
current.  The  readings  obtained  on  the  NF-105,  or  equivalent  receiver,  in 
db  above  one  microvolt  become  db  above  one  micro-ampere  without  the  need 
for  additional  correction  factors.  The  specifications  for  this  probe  are  also 
shown  in  Table  1.  Figure  3  shows  the  transfer  impedance. 

Tektronix  Type  P  6016  Current  Probe 

The  Tektronix  current  probe  is  primarily  designed  for  current  measure¬ 
ment  with  an  oscilloscope  or  high  impedance  VTVM.  The  probe  is  of  rela¬ 
tively  new  design  and  may  be  of  particular  value  in  RFI  trouble  shooting  of 
wiring  harnesses  or  electronic  assemblies.  It  is  a  clamp-on  type  with  an 
aperture  diameter  of  1/8  in.  The  overall  size  of  3/4  in,  x  3/4  in.  x  7  in,  is 
comparatively  small  and  suited  for  measurements  in  areas  of  moderately 
restrictive  space.  The  transfer  Impedance  is  shown  in  Figure  4.  From  1  kc 
to  15  Me,  the  transfer  Impedance  is  -  8  db  above  one  ohm.  If  a  one  mlcro- 
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volt  receiver  is  used,  the  minimum  sensitivity  is  8  db  above  one  micro¬ 
ampere.  Since  this  level  is  above  the  CW  specification  limits  from  1  Me  to 
25  Me,  the  probe  is  not  suitable  for  qualification  testing  in  this  frequency 
range.  However,  it  is  usable  in  this  range  as  a  trouble-shooting  device 
after  excessive  interference  is  detected  by  some  other  device. 

The  effect  of  dc  on  the  probe  output  was  also  evaluated  in  the  same  man¬ 
ner  as  determined  for  the  other  current  probes.  Since  the  Tektronix  probe 
opening  will  accept  wires  up  to  No.  12  AWG,  the  maximum  test  current  was 
10  amperes.  From  20  kc  to  100  Me  the  effects  are  negligible  as  shown 
in  Figure  4.  The  probe  is  not  usable  for  accurate  signal  current  measure¬ 
ment  below  20  kc  unless  the  dc  is  small  or  the  probe  output  is  corrected  for 
each  specific  dc  value.  The  effects  of  the  dc  are  linear  up  to  10  amperes  of 
dc.  For  example,  a  current  of  5  amperes  produces  one-half  the  decrease 
in  output  as  a  current  of  10  amperes. 

Hewlett  Packard  Type  AC-21F  Current  Probe 

The  Hewlett  Packard  probe  is  similar  to  the  Tektronix  probe.  The 
evaluation  carried  out  was  the  same  as  for  the  Tektronix  probe.  The  trans¬ 
fer  Impedance  is  constant  at  a  value  of  -6  db  above  one  ohm  in  the  frequency 
region  of  4  kc  to  15  Me  as  shown  in  Figure  5.  Here  again,  if  a  one  micro¬ 
volt  receiver  is  used,  the  minimum  probe  sensitivity  is  6  db  above  one 
micro-ampere.  This  level  is  above  the  CW  limits  of  the  referenced  specifi¬ 
cations  from  1  Me  to  25  Me;  thus,  the  probe  is  not  suitable  for  qualification 
testing  in  this  frequency  range.  However,  it  is  usable  as  an  RFI  trouble 
shooting  device  over  this  frequency  range.  The  same  general  remarks  as 
given  for  the  Tektronix  probe  are  also  applicable  to  the  Hewlett  Packard 
probe  concerning  sensitivity  when  10  amperes  dc  are  applied.  The  results 
are  also  shown  in  Figure  5. 

rV.  INSTRUMENTATION  FOR  TRANSFER  IMPEDANCE  EVALUATION 
Transfer  Impedance  Evaluaticn  for  the  20  cps  to  100  Me  Frequency  Range 

The  current  probe  transfer  impedance,  which  is  a  convenient  parameter 
of  expressing  the  sensitivity  of  a  current  probe,  is  defined  as  the  ratio  of 
secondary  voltage  across  a  50  ohm  load  to  the  primary  current  (Z>p  “  Eg/lp), 
To  evaluate  a  current  probe,  the  secondary  voltage  may  be  accurately 
(±  2  db)  measured  with  the  calibrated  interference  receiver,  but  the  primary 
current  must  also  be  accurately  determined.  One  method  of  determining  the 
primary  current  is  to  insert  a  known  resistance  in  series  with  the  primary 
current  wire  and  to  measure  the  voltage  drop  across  the  resistor. 


-  116  - 


The  test  procedure  for  evaluating  the  transfer  impedance  is  as  follows: 


1,  Set  up  the  signal  generator,  current  probe,  and  receiver  for  the 
specific  frequency.  Terminate  the  signal  generator  with  a  short 
length  of  wire  and  a  50  ohm  non-inductive  resistor, 

2,  Clamp  the  current  probe  around  the  wire  between  the  signal  gen¬ 
erator  and  the  50  ohm  load.  Terminate  the  current  probe  with  a 
50  ohm  RF  load. 


3,  With  the  current  probe  and  its  load  clamped  aroimd  the  wire,  in¬ 
crease  the  signal  generator  output  and  measime  the  voltage  across 
the  50  ohm  signal  generator  load  with  a  high  impedance  frequency 
selective  VTVM.  The  primary  current  can  now  be  oaloulaied. 

4,  Measure  the  voltage  across  the  50  ohm  current  probe  load  with  a 
high  Impedance  VTVM. 


5, 


The  transfer  impedance  is  defined  as  Zj,  a 
culated  from  steps  3  and  4, 


E„/I 

s  p 


and  may  be  cal- 


6.  Repeat  steps  3,  4,  and  5  for  the  frequencies  of  Interest. 

NOTE:  For  the  50  ohm  load  and  VTVM  of  steps  3  and  4,  the 
RFI  receiver  with  its  50  ohm  load  may  be  conven¬ 
iently  used.  Use  the  shortest  possible  length  of 
coaxial  cable  between  the  open  wire  and  the  receiver. 


Transfer  Impedance  Evaluation  for  the  100  Me  to  400  Me  Frequency  Range 

For  frequencies  below  100  Me,  the  previously  mentioned  transfer  im¬ 
pedance  evaluation  method  is  valid.  This  method  is  accurate  since  the  same 
receiver  may  be  used  to  measure  the  current  probe  output  (Eg)  and  the  cur¬ 
rent  in  the  primary  wire  (Ip  =  Ep/Rq).  The  position  of  the  current  probe 
and  tlie  position  of  the  dropping  resistor  are  not  the  same  since  the  receiver 
is  connected  to  the  primary  wire  with  a  coaxial  cable.  However,  by  keeping 
the  electrical  length  of  the  coaxial  cable  short,  the  current  at  the  50  ohm  load 
and  at  the  position  of  the  current  probe  are  practically  the  same. 


Above  100  Me,  the  lead  length  between  the  signal  generator  and  the  load 
may  become  an  appreciable  portion  of  a  wavelength.  The  lead  length  is 
necessary  for  application  of  the  current  probe.  The  characteristic  imped¬ 
ance  of  an  open  wire  line  is  normally  different  from  the  signal  generator 
source  impedance  or  the  load  Impedance;  therefore,  a  current  standing  wave 
results.  The  current  amplitude  at  any  point  along  the  line  varies  as  a  func¬ 
tion  of  the  impedance  mismatch  and  the  frequency,  (The  use  of  a  slotted  line 


was  considered  for  measuring  the  current  standing  waves.  However, 
slotted  line  measurements  are  difficult  to  apply  to  current  probe  instrumen¬ 
tation  since  the  probe  evaluation  requires  an  open  wii’e  line,  but  available 
slotted  lines  require  matched  coaxial  lines. )  So  long  as  the  voltage  dropping 
resistor  is  positioned  electrically  close  to  the  position  of  the  current  probe, 
there  is  reasonable  assurance  that  the  current  being  measured  by  the  probe 
is  of  the  same  magnitude  as  that  current  which  develops  a  specific  voltage 
drop  across  the  resistor.  As  the  frequency  Increases,  the  position  of  the 
current  probe  relative  to  the  dropping  resistor  becomes  quite  critical,  and 
the  dropping  resistor  must  be  purely  resistive. 

Because  of  the  above  considerations,  a  special  test  jig  for  primary  cur¬ 
rent  measurement  was  designed  as  shown  in  Figure  6.  The  determination  of 
the  transfer  impedance  was  carried  out  by  placing  a  high-frequency  and  high- 
impedance  VTVM  (Boonton  Electronics  91  CA  VTVM  with  91  -  3  H  probe) 
and  the  load  at  a  distance  electrically  close  to  the  current  probe.  The  non- 
inductive  coaxial  resistor  (40  ohms)  is  shunted  only  by  the  input  capacitance 
of  the  high-impedance  voltage  probe.  The  Input  capacitance  of  this  probe  is 
2.  5  pf.  Assuming  an  additional  distributed  capacitance  of  2.  5  pf,  the  capaci¬ 
tance  which  shimts  the  resistor  is  approximately  5  pf.  At  800  Me,  this 
shxmting  capacitive  reactance  is  40  ohms.  Based  on  these  considerations, 
this  test  jig  will  determine  the  primary  current  with  accuracy  to  at  least  400 
Me. 


Transfer  Impedance  Evaluation  for  the  200  Me  to  1000  Me  Frequency  Range 

For  the  upper  frequency  range  of  current  probe  development,  the  pre¬ 
viously  described  conventional  methods  of  measuring  current  presented  a 
number  of  difficult  problems.  These  problems  were  avoided  by  using  a  new 
approach.  The  new  approach  utilized  a  quarter-wave  monopole  antenna  for 
the  necessary  calibrated  current  source. 

The  antenna  method  of  accurately  determining  UlIF  currents  consists  of 
measuring  the  impedance  at  the  base  of  a  monopole  antenna  which  is  moimted 
on  a  groimd  plane.  After  the  antenna  impedance  is  measured,  a  known  power 
is  applied  to  the  antenna  terminals.  The  current  flow  at  the  base  of  the 
monopole  antenna  can  then  be  easily  calculated  if  the  antenna  impedance  is 
resistive.  If  the  antenna  is  kept  approximately  a  quarter  wavelength  long, 
the  antenna  current  distribution  is  sinusoidal  with  a  maximum  at  the  base. 

An  adjustable  antenna  must  be  used  so  that  it  can  be  made  longer  or  shorter 
than  a  quarter  wavelength.  The  length  of  the  antenna  is  adjusted  until  res¬ 
onance  occurs  cind  the  antenna  Impedance  is  entirely  resistive.  Thus  the 
power  delivered  to  the  antenna  terminals  will  always  be  real.  Since  the  an¬ 
tenna  will  be  approximately  a  quarter  wavelength  long,  its  resistive  im¬ 
pedance  will  be  such  that  a  VSWR  of  not  more  than  2  to  1,  in  a  50  ohm  char¬ 
acteristic  impedance  system,  is  anticipated.  With  a  2  to  1  VSWR,  only 
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0.  5  db  of  the  incident  power  will  be  reflected  and  not  utilized.  This  elimin¬ 
ates  the  need  for  correction  factors  to  determine  the  actual  power  delivered. 
However,  in  the  event  that  the  antenna  impedance  is  of  such  a  value  to  cause 
a  substantial  VSWR,  the  power  reflected  can  be  calculated  and  the  true  trans¬ 
mitted  power  may  be  determined. 


The  antenna  impedance  is  determined  by  utilizing  a  bridge  and  a  varia¬ 
ble  length  of  transmission  line,  which  is  necessary  to  adjust  the  length  of 
the  coaxial  line  between  the  bridge  and  the  antenna  exactly  to  one  half 
wavelength  at  the  frequency  of  measurement.  If  this  is  accomplished,  the 
Impedance  measured  by  the  bridge  is  the  Impedance  of  tne  antenna. 


The  current  measuring  procedure  is  as  follows: 

1.  Disconnect  the  antenna  from  the  coaxial  cable  and  short  circuit 
the  end  of  the  coaxial  cable  at  the  ground  plane  with  a  coaxial 
short. 

2.  Adjust  the  General  Radio  type  874-LT  constant  impedance  trom¬ 
bone  line  so  that  the  Hewlett  Packard  Model  80 3 A  bridge  balances 
at  zero  ohms  and  zero  phase  angle. 

3.  Remove  the  short  circuit  from  the  end  of  the  cable  and  replace  with 
antenna. 

4.  Clamp  the  current  probe,  terminated  with  a  50  ohm  receiver, 
aroimd  the  base  of  the  antenna, 

5.  Adjust  the  length  of  the  antenna  until  the  bridge  balance  is  resistive. 
Record  the  value  of  antenna  resistance. 

6.  Dlscoimect  the  trombone  line  from  the  bridge  terminal  and  attach 
trombone  line  directly  to  the  signal  generator  output  terminals. 

7.  Adjust  the  signal  generator  so  that  a  known  power  level  is  deliv¬ 
ered  to  the  base  of  the  antenna, 

8.  Calculate  the  current  at  the  base  of  the  antenna  using  the  following 
formula: 


I  =  Current  at  the  base  of  the  antenna 
P 

P  »  Power  delivered  to  the  antenna  terminals 
R  *•  Antenna  resistance  measured  in  Step  5. 
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9. 


Measure  the  output  voltage  of  the  current  probe  with  an  NF“105 
(or  equlvadent)  receiver. 


10.  Calculate  the  transfer  Impedance  of  the  current  probe  using  the 
following  formula: 


where  =  output  voltage  of  the  current 
probe 

I  =  current  at  the  base  of  the 
antenna 


The  Hewlett  Packard  Tyre  80 3 A  bridge  has  an  upper  frequency  limit  of 
500  Me,  A  satisfactory  replacement  for  the  Hp  80 3A  is  the  HP  805A  slotted 
line  for  frequencies  above  500  Me.  The  procedure  remains  essentially  the 
same.  The  antenna  Impedance  is  found  by  standard  VSWR  measurements 
and  the  use  of  the  Smith  Chart. 


This  antenna  method  of  measuring  primary  current  was  compared 
with  the  voltmeter  method  shown  in  Figure  6.  The  transfer  impedance  of 
the  CVA-1  current  probe  was  evaluated  using  both  methods.  The  agreement 
between  the  two  methods  was  very  good. 

IV.  DEVELOPMENT  OF  CURRENT  PROBES  FROM 
25  MC  TO  1000  MC 


Shielding  Effectiveness 

The  Stoddart  current  probe  was  evaluated  for  frequencies  above  100  Me. 
Theoretically,  the  current  probe  output  should  decrease,  but  a  series  of 
peaks,  varying  between  approximately  ±10  db,  appeared  from  100  Me  to 
1000  Me.  The  output  above  100  Me  was  primarily  attributed  to  capacitive 
coupling  and  secondary  resonances.  The  capacitive  coupling  was  attributed 
to  direct  voltage  pick-up  between  the  Interference  carrying  wire  and  the  tor¬ 
oidal  winding.  The  shield  of  the  Stoddart  current  probe  has  an  air  gap  to 
prevent  the  shield  from  shorting  the  toroidal  transformer  as  shown  in  Figure 
7.  Since  this  shield  gap  is  on  the  inside  of  the  aperture  and  therefore  closest 
to  the  signal  wire,  it  was  assumed  that  placing  this  gap  on  the  outside  per¬ 
iphery  of  the  shield  might  overcome  the  electrostatic  coupling  to  a  certain 
extent.  At  the  same  time  it  was  realiaed that  any  break  of  metallic  continuit}' 
will  decrease  the  shielding  effectiveness  for  the  VHF  and  UHF  range. 

A  shield  was  designed  with  the  gap  placed  on  the  outer  periphery  of  the 
cylindrical  shielding  case.  The  shielding  effectiveness  was  then  evaluated. 
The  data  showed  that  the  shielding  effectiveness  was  less  than  for  the  Stod¬ 
dart  shield.  Tills  unexpected  characteristic  was  explained  in  the  following 
way:  (1)  The  Stoddart  shield  has  its  coaxial  connector  symmetrically  placed 


120  - 


with  respect  to  the  shield  gap;  therefore,  the  ground  path  from  connector 
to  gap  has  the  same  length  for  both  sides.  For  the  other  shield  the  coaxial 
connector  had  no  symmetry;  therefore,  two  different  lengths  of  groimd 
path  existed.  The  crossectlons  of  the  two  shields  are  shown  in  Figure  8. 

A  voltage  gradient  may  be  Induced  because  the  ground  paths  from  connector 
to  shield  gap  Ups  are  of  two  different  lengths.  This  assumption  was  later 
confirmed,  (2)  The  gap  on  the  outer  periphery  has  a  greater  surface  area 
and  greater  leakage  can  occur.  For  a  detailed  analysis  consult  Reference  2. 

From  the  high  frequency  shield  evaluation  the  following  conclusions 
were  drawn:  (1)  The  cimrent  probe  shield  must  have  RF”connector  to  shield 
symmetry.  (2)  The  two  facing  shield  gap  Ups  should  be  held  to  a  minimum 
surface  area. 

Current  Probe  for  the  25  Me  to  300  Me  Range 

The  development  of  high  frequency  current  probes  began  with  the  evalua¬ 
tion  of  air  core  transformers.  The  trEinsfer  impedance  for  various  secon¬ 
dary  winding  configurations  was  In  the  vicinity  of  one  ohm.  To  increase  the 
transfer  Impedance,  a  probe  was  developed  which  used  a  General  Ceramics 
CF  116  Q-3  ferrite  core.  This  core  was  considered  to  be  the  best  high  fre¬ 
quency  core  and  was  the  physicaUy  largest  core  available  commerclaUy. 

The  shield  dimensions  were  selected  to  render  a  usable  current  probe.  The 
best  compromise  between  practicability  and  electric  characteristic  for  the 
CF  116  core  was  a  cyUndrlcal  shield  of  the  foUowlng dimensions; 

OD.  *  2.  375  in, ,  I.  D.  “  1.  0  in, ,  Height  “  .  75  in.  This  current  probe  was 
designated  as  CVA-1. 

The  transfer  Impedance  was  evaluated  with  the  high  frequency  method 
shown  ha  Figure  6.  A  sketch  of  the  current  probe  is  shown  in  Figure  9. 

The  transfer  impedance  is  shown  in  Figoore  10. 

The  sharp  decrease  in  current  probe  output  at  about  350  Me  was  attri¬ 
buted  to  the  shield  resonating.  The  shield  surrounding  the  toroidal  secon¬ 
dary  coll  may  be  represented  by  a  one-turn  tertiary  winding  terminated  with 
a  capacitor.  The  shield  has  a  specific  inductance  which  will  series  resonate 
with  the  capacitance.  The  facing  shield  gap  lips  determine  the  capacitance. 
The  sharp,  resonant  decrease  in  output  was  noted  also  with  all  tht  evaluated 
air  core  probes. 

The  deleterious  effects  were  also  evaluated  for  this  probe.  These 
characteristics  are  shown  in  Table  1  in  the  CVA'l  current  probe  column. 
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Current  Probe  for  the  200  Me  to  1000  Me  Bange 


The  secondary  windings  of  the  previously  developed  current  probes  ex" 
hiblted  excessive  electrostatic  coupling  and  capacitance  from  winding  to 
shield.  These  two  effects  had  to  be  minimized  before  accurate  current 
measurement  to  1000  Me  could  be  achieved.  A  balanced  winding  with  re¬ 
spect  to  ground  was  considered  since  the  winding  to  shield  capacitance  for 
this  winding  is  evenly  distributed  over  the  entire  winding.  The  elactro- 
static  pick-up  is  minimized  since  each  termination  of  the  winding  will  devel¬ 
op  the  same  potential  with  respect  to  the  groiuided  shield  and  not  a  potential 
difference  as  with  the  imbalanced  winding.  With  a  balanced  winding,  the 
output  of  the  probe  results  principally  from  the  magnetic  field  of  the  primary 
conductor  under  test. 

Initial  balanced  probes  were  not  successful  since  a  balun  was  required 
to  make  the  transformation  from  the  balanced  winding  to  the  unbalanced  in¬ 
put  of  the  receiver.  The  baluns  are  normally  narrow  band  devices;  con¬ 
sequently  a  narrow  band  current  probe  response  resulted. 

Further  experimentation  utilized  an  untuned  wideband  transformer 
manufactured  by  the  TRAK  ELECTRONICS  CO.  The  transformer  is  a  Type 
BPC  200/ 50  providing  a  linear  200  ohms  balanced  to  50  ohms  unbalanced 
impedance  transformation  from  1  Me  to  1000  Me.  The  unbalanced  output 
was  connected  to  the  receiver  while  the  balanced  input  terminals  were  con¬ 
nected  to  an  air  core  toroidal  winding.  The  winding  is  not  grounded  at  any 
point.  The  outside  case  of  the  BPC  200/50  was  extended  to  shield  the  toroid. 
To  accommodate  the  primary  conductor  under  test,  tubing  of  one  inch  diam¬ 
eter  was  placed  through  the  extended  case.  As  in  the  other  shield  designs, 
the  tubing  was  cut  to  give  the  necessary  air  gap  for  prevention  of  a  shorted 
turn.  The  shield  gap  is  0.  025  in.  wide.  The  air  core  toroid  has  a  cross- 
sectional  diameter  of  1/4  in.  The  wire  size  is  No,  26  AWG.  Figure  13 
shows  the  probe  partly  disassembled.  This  cimrent  probe  was  designated  as 
CVA-3. 

The  transfer  impedance  of  the  probe  and  BPC  200/50  combination  was 
measured  with  windings  that  were  varied  from  9  to  25  turns.  The  results 
indicated  that  the  larger  the  number  of  turns  the  better  the  low  frequency  re¬ 
sponse.  For  the  200  Me  to  1000  Me  range,  an  11  turn  winding  gave  the  best 
transfer  impedance  as  shown  in  Figure  14.  The  remaining  electrical  char¬ 
acteristics  are  shown  in  Table  1  in  the  CVA-S  current  probe  column. 

Although  the  current  probe  does  not  utilize  magnetically  saturable  de¬ 
vices,  the  construction  materials  for  the  BPC  200/50  wideband  transformer 
indicated  a  ferrite  materiaL  Therefore,  the  possible  change  in  characteris¬ 
tics  caused  by  large  magnetic  fields  was  evaluated.  The  transfer  impedance 
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was  not  changed  by  large  magnetic  fields  as  shown  in  Table  1.  The  current 
probe  should  have  sufficient  sensitivity  to  detect  one  microampere  of  RF 
current  from  25  to  1000  Me.  The  transfer  Impedance  is  approximately  1.  5 
ohms  at  1000  Me.  If  a  1  microvolt  receiver  is  used  with  the  probe,  a  pri¬ 
mary  current  of  0.  7  micro-ampere  can  be  detected. 

Current  Probe  for  Large  Diameter  Cables 

The  requirement  existed  to  measure  the  net  magnetic  field  emanating 
from  a  large  cable  with  diameter  up  to  eight  inches.  To  facilitate  such  a 
measurement,  a  current  probe  with  8  in.  diameter  aperture  was  developed. 
The  toroidally  shaped  core  of  the  probe  consisted  of  4  mil,  grain  oriented 
silicon  steel  tape.  The  crossection  of  the  core  was  1/2  in.  by  1  in.  Ihsula" 
tlon  consisting  of  one  layer  each  of  spun  glass  tape,  teflon  tape,  and  mylar 
tape  was  wrapped  around  the  core.  The  windings  were  evenly  distributed 
over  the  insulation  and  the  composite  toroid  was  placed  in  a  laminated  non- 
conductive  case.  The  case  was  spray  coated  with  zinc  and  copper  to  provide 
electrostatic  shielding.  An  air  gap  of  0.  02  in.  was  placed  on  the  inner  peri¬ 
phery  of  the  shield  to  prevent  the  shield  from  shorting  the  toroid..  Figure 
11  shows  the  probe  partly  disassembled.  The  probe  is  not  a  clamp-on 
type;  however,  it  was  later  modified  to  be  a  clamp-on  device.  This  current 
probe  was  designated  as  CVA-2. 

The  transfer  impedance  was  evaluated  with  the  number  of  secondary 
turns  being  varied  from  8  to  100.  The  highest  and  flattest  response  was  ob¬ 
tained  with  18  turns  of  1  mil  by  1/2  in.  wide  copper  tape.  The  transfer  im¬ 
pedance  for  this  probe  is  shown  in  Figure  12.  The  notch  in  the  transfer  im¬ 
pedance  curve  occurred  in  all  the  evaluated  probes  at  250  Me.  It  was  caused 
by  the  shield  resonating  and  shorting  the  toroid.  The  other  electrical  char¬ 
acteristics  are  shown  in  the  CVA-2  current  probe  columm  of  table  3. 

The  transfer  Impedance  was  evaluated  with  a  1/4  in.  diameter  conductor 
at  the  center  of  the  probe  aperture.  This  conductor  was  moved  to  the  edge 
of  the  aperture  to  determine  a  possible  change  in  probe  output.  For  frequen¬ 
cies  below  40  Me,  there  was  no  change  in  probe  output.  For  frequencies 
above  40  Me,  the  output  changed  from  zero  to  +  5  db  at  100  Me.  This  in¬ 
crease  was  caused  by  electrostatic  coupling  through  the  shield  gap.  The 
change  in  output  could  be  reduced  by  using  small  diameter  wire  Instead  of 
the  1/2  in.  wide  copper  winding.  Since  this  change  also  reduced  the  overall 
probe  response,  it  was  not  employed. 
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VI.  SUMMARY 


As  the  electromagnetic  spectrum  becomes  even  more  congested,  ex¬ 
tremely  restrictive  interference  control  requirements  mixst  be  enforced; 
consequently,  the  number  of  required  interference  tests  will  increase.  The 
employment  of  current  probes  for  these  tests  will  help  to  reduce  the  test 
time.  It  has  been  shown  that  current  probes  can  detect  interference  currents 
below  the  existing  and  the  assumed  specification  limits  in  the  frequency 
range  of  30  cps  to  1000  Me.  The  design  of  the  newly  developed  current 
probes  is  not  yet  optimized  and  further  work  is  being  carried  out. 

This  paper  stresses  mainly  the  advantages  and  feasibility  of  conducted 
interference  measurements  with  current  probes.  The  limitations  and  dis¬ 
advantages  of  current  probes,  the  development  of  ac  and  dc  skin  current 
probes,  and  other  phases  of  probe  measurements  were  not  mentioned  be¬ 
cause  of  limited  space.  This  information  will  be  published  at  a  later  date. 
Detailed  information  on  these  subjects  may  be  obtained  from  reference  2. 
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Table  1.  Comparison  of  Current  Probes 
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Figure  1,  Specification  Limit  for  C-W  Interference 
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Figure  2.  Transfer  Impedance  of  Stoddart  91550-1  Current  Probe 
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Figure  3.  Transfer  Impedance  for  Empire  Devices  CP-105  Current  Probe 
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Figure  4.  Transfer  Impedance  for  Tektronix  P6016  Current  Probe 


Figure  5.  Transfer  Impedance  for  Hewlett-Packard  AC-21F  Current  Probe 
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Figure  6.  Set-up  for  UHF  Current  Measurement 


Figure  7.  Stoddart  91550-1  Current  Probe 


STODDART  PROBE 
CONNECTOR-TO-GAP  SYMMETRY 


N 


MODIFfED  SHIELD 
NO  CONNECTOR-TO-GAP  SYMMETRY 


Figure  8.  Cross-section  of  Shields 
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Figure  10.  Transfer  Impedance  of  CVA-1  Current  Probe 
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Figure  11.  CVA-2  Current  Probe 
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Figure  12.  Transfer  Impedance  for  CVA-2  Current  Probe 
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Figure  14.  Transfer  Impedance  for  CVA-3  Current  Probe 
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A  COMPARISON  OF  THE  SPECTRUM  SIGNATURES  OF 
AM,  FM,  AND  SSB  COMMUNICATIONS  EQUIPMENTS 


J.  G.  Holey  and  E.  W.  Wood 
Georgia  Institute  of  Technology 
Engineering  Ej<perlraent  Station 
Atlanta,  Georgia 

(Work  Done  Under  Contract  With  The  U,  S,  Army  Signal  Corps) 

Abstract.  -  The  spectrum  signature  of  a  device  is  sometimes  defined  merely  as 
the  frequency  spectrum  of  the  energy  that  may  be  radiated  from  the  device,  or 
the  spectrum  of  frequencies  to  which  the  device  will  respond.  In  the  field  of 
communications  the  devices  usually  of  interest  are  receivers  and  transmitters, 
and  the  spectrum  signatures  are  defined  in  a  manner  such  that  both  desli'able 
and  undesirable  characteristics  of  receivers  and  transmitters  are  determined. 

Both  types  of  information  are  necessary  for  radio  frequency  interference 
prediction. 

The  theory  for  comparison  of  AM,  FM  and  SSB  equipments  has  been 
established  in  recent  yeai-t.,  and  this  paper  offers  results  of  measurements 
which  supplement  the  theory.  This  discussion  is  based  on  actual  laboratory 
measurements  made  on  more  than  48  transmitters  representing  2k  different 
types  and  52  receivers  of  23  types. 

Co-channel  Interference  for  AM  receivers  is  not  severe  if  the  inter¬ 
fering  signal  is  over  4o  decibels  below  the  desired  signal,  but  becomes 
increasingly  severe  for  decreasing  signal  differential.  An  interfering  signal 
does  not  "capture"  an  FM  signal  until  the  interfering  signal  is  within  8-12  db 
of  the  desired  signal.  Results  of  spurious  responses,  two-signal  selectivity 
and  RF  intermodulatlon  tests  are  also  discussed. 

The  SSB  transmitter  harmonic  rejection  appears  to  be  the  best  above 
the  first  few  liarmonlcs,  FM  the  best  for  the  second  harmonic,  and  AM  the  worst 
in  all  cases.  SSB  RF  intermodulation  characteristics  are  slightly  better  than 
FM,  and  extremely  good  bandpass  filters  are  available  which  improve  RF  inter¬ 
modulation  over  11  db  at  0.6^  spacing  in  the  VHF/UHF  region.  Transmitter 
modulation  characteristics,  system  linearity,  audio  Intennodulation,  splutter, 
and  carrier  noise  are  also  considered. 

I.  INTRODUCTION 

One  of  the  most  i.mporta.nt  and  rapidly  expanding  problems  in  the 
coimiiunications  field  today  is  that  of  compatible  operation  of  several  communlcatio 
equipments  locate.!  at  a  particular  geographical  location.  Until  the  last  decade, 
the  size  of  a  com-municati ons  complex  was  such  that  the  interference  problem 
could  usually  be  resolved  locally.  However,  with  the  communications  requirement 
of  botii  tlie  milifary  and  civilian  user  increasing  at  the  present  rate,  frequency 
'u'signment  for  ir.te f ference- f .»'ee  communication  has  become  a  critical  obstacle. 
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It  would  be  assumed  by  the  layman  that  frequency  selection  is  a 
relatively  simple  problem  with  the  primary  factor  being  the  choice  of  transmitting 
frequencies  such  that  they  do  not  coincide  with  any  receiving  frequencies. 

However,  it  is  fairly  well  known  that  receivers  may  respond  to  hundreds  of 
frequencies  if  the  input  level  is  sufficiently  strong;  these  spurious  frequencies 
at  which  the  receiver  responds  are  known  as  spurious  responses.  Also,  the  vast 
majority  of  transmitters  in  operation  at  the  present  time  produce  outputs  in 
addition  to  the  carrier  frequency;  the.se  are  referred  to  as  spurious  and  harmonic 
emissions. 


To  further  complicate  the  problem,  two  signals  of  sufficient  amplitude 
may  combine  in  either  a  receiver  or  a  transmitter  to  produce  new  frequencies,  or 
RF  intermodulation  products.  This  type  of  interference  is  of  particular  concern 
to  shipboard  communications  complexes,  due  to  the  restricted  area.  In  addition, 
common  practice  in  radio-relay  installations  is  to  place  all  antennas,  both 
receiving  and  transmitting,  on  a  single  stnacture  such  as  a  water  tower  ur  forestry- 
fire  tower.  The  fi-equencies  of  intermodulation  products  are  predictable  according 
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where  m  and  n  are  non -zero  integers. 


It  has  been  the  purpose  of  the  Georgia  Tech  Interference  Group  for 
the  past  several  years  to:  l)  study  the  various  types  of  mutual  interference, 

2)  evolve  frequency  selection  schemes  for  interference-free  operation, 1^2  and 

3)  catalog  the  Interference  characteristics  of  U.  S.  Amy  communications  equip¬ 
ments  operating  in  the  frequency  range  from  150  kilocycles  to  1000  megacycles. 
Tests  have  been  completed  thus  far  on  some  transmitters  representing  2h 
different  equipments,  and  52  receivers  representing  23  equipments.^  The  test 
methods  have  been  in  accordance  with  the  Spectrum  Signature  Collection  Plan 

of  the  Electromagnetic  Compatibility  Analysis  Center,  with  minor  variations. 

It  is  the  purpose  of  this  paper  to  discuss  some  of  the  important 
Interference  characteristics  which  have  been  measured  in  the  laboratory,  and 
in  particular  to  compare  the  characteristics  of  AM,  FM,  and  SSB  equipments. 

They  include  the  following: 


Receivers 

Co-Channel  Interference 
■Spiu’ious  Responses 
RF  Intemodulation 
Two-Signal  Selectivity 


Transmitters 

Harmonic  Emissions 
RF  Int0  rTnod,ulsttiori 
Modulation  Characteristic 
AF  Intemodulation 
Carrier  Noise 


Vrnilc  some  of  t)ic 
tyi-es  o;’  receivers 
ti'.e  ri  ceivor  ic:  e-c 


above  characteristics  do  not  usually  difi'er  v/ith  different 
a::.i  transmitters,  others  are  'ietermined  by  stages  such  as 
tor  ar.i  t rar.£:r;itter  .modulator  sections.  Case  Radiation,  Case 
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Susceptibility,  Power  Line  Radiation,  £ind  Power  Line  Susceptibility  are  a  few 
remaining  characteristics  which  are  not  considered. 

II.  RECEIVERS 

In  examining  spectrum  signatures  of  the  various  types  of  receiver 
systems,  susceptibility  to  several  types  of  interference  should  be  examined. 
The  most  obvious,  of  course,  would  be  co-channel  interference.  For  a  more 
complete  analysis,  spurious  responses,  RF  intermodulation  and  two-signal 
selectivity  should  also  be  considered. 

Co-Channel  Interference 


Data  taken  from  co-channel  interference  tests  on  six  types  of  AM 
receivers,  six  types  of  FM  receivers,  and  one  SSB  receiver  are  shown  in  Figures  1 
through  3'  Considering  first  the  AM  receiver  data  in  Figure  1,  the  curves 
are  found  to  follow  their  maximum  until  the  interfering  signal  is  some  Lo  to 
decibels  below  the  desired  signal,  where  they  begin  a  gradual  decrease.  As  the 
signal  differential  becomes  less  than  40  decibels  the  interference  becomes 
inci’easingly  severe  until  a  slope  of  one  is  reached. 

As  expected,  the  SSB  characteristic  was  somewhat  similar  except  that 
a  higher  initial  S/N  ratio  was  obtainable.  This  is  attributed  to  not  only  noise 
bandwidth  improvement  but  also  lack  of  modulation  on  the  desired  signal  source. 

For  this  test  the  desired  signal  was  merely  displaced  in  frequency  by  the  desired 
audio  frequency  and  thus  was  devoid  of  audio  distortion  as  contrasted  with  AM 
and  FM  signal  generators.  Since  the  interfering  signal  for  each  receiver  type 
was  unmodulated,  the  receiver  output  distortion  and  noise  increased  directly 
with  the  Interfering  signal  level,  and  this  resulted  in  the  curve  shown  in  Figure  S. 

The  characteristics  of  the  six  FM  receivers  are  shown  in  Figure  3- 
Here  the  well-known  "capture"  effect  of  wideband  FM  is  graphically  illustrated. 

Each  receiver,  with  the  exception  of  the  narrowband  receiver  whose  characteristics 
deviate  markedly,  holds  Its  maximum  ratio  in  the  presence  of  a  co-channel  signal 
until  the  interfering  signal  is  within  8-12  db  of  the  desired  signal.  At  this 
point  the  discriminator  rapidly  becomes  "captured"  by  the  interfering  signal. 

The  mean  curve  of  each  receiver  type  is  shown  superimposed  in  Figure  4. 

The  distinct  noise  and  interference  advantage  of  wideband  FM  is  seen,  which  of 
course  is  at  the  expense  of  increased  bandwidth. 

The  test  setup  for  the  co-chan.nel  test  is  Illustrated  in  Figure  5- 

As  mentioned  previously  the  co-channel  interference  characteristics, 
or  tlie  knowledge  of  the  degradation  effects  of  an  interfering  signal  whose 
I'requency  coincides  with  the  frequency  of  the  desired  slgiial  are  particularly 
important  because  RF  intermodulatl on  and  spurious  response  interference  both 
result  in  interfering  or  spurious  signals  appearing  at  a  particular  amplitude 
within  the  It  passlani  of  the  i-eceiver.  Therefore,  the  equivalent  level  of  a 
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co-ohannel  signal  which  would  produce  the  same  IF  signal  amplitude  as  the  spurious 
product  can  he  determined  fairly  easily  and  the  co-channel  interference  character¬ 
istics  curves  used  to  estimate  the  actual  degradation  of  the  desired  signal  at 
the  audio  output  of  the  receivers.  This  method  is  used  in  cases  where  the  ItF 
intermodulatlon  and  spurious  response  tests  are  conducted  with  no  desired  signal 
present,  as  shown  in  Figures  6  and  7-  In  these  tests,  the  Interfering  signal 
(or  signals)  are  adjusted  in  amplitude  and  frequency  until  a  product,  which  causes 
some  specified  audio  output  indication,  is  obtained  within  the  IF  passband. 

With  FM  receivers,  6  decibels  quieting  is  the  usual  measure,  and  with  AM  and 
SSB  receivers  a  modulated  signal  is  used  with  6  decibels  audio  output  signal- 
to-noise  as  the  quantity.  Hence  the  equivalent  signal  of  the  receiver  tuned 
frequency  will  be  of  the  same  amplitude  as  the  predetermined  sensitivity  level 
of  the  receiver,  which  is  that  desired  signal  level  which  produces  the  same 
output  indication  as  above. 


Spurious  Responses 


To  extend  the  analysis  to  stronger  interfering  signals  the  particular 
stage  of  the  receiver  which  causes  the  spurious  IF  product  must  be  considered 
along  with  amplitudes  of  all  involved  signals.  For  instance,  consider  the 
spurious  response  Interference.  The  process  here  consists  of  the  interfering 
signal  (or  harmonics  thereof)  combining  with  the  receiver  local  oscillator 
(or  harmonics  thereof)  in  the  receiver  mixer  stage  to  produce  a  signal  at  the 
IF  frequency,  according  to  the  equation 


fsR  =  fll9llR\ 


where  p  is  any  positive  integer  and  q  is  any  nonzero  positive  integer.  For 
exam  lie,  insertion  of  a  value  of  1  for  both  p  and  q  results  in  two  solutions 
of  the  equation,  one  being  the  frequency  to  which  the  receiver  is  tuned  and 
the  other  the  image  frequency.  Assuming  linear  RF  amplifiers,  a  harmonic-free 
local  oscillator,  and  a  mixer  stage  whose  transfer  characteristics  contain 
curvature  to  and  including  third  order,  the  following  analysis  illusti-ates  the 
manner  in  which  the  amplitude  of  the  IF  signal  produced  by  the  spurious  input 
signal  varies  with  the  input  signal  level. 


Let  e.  =  A  cos  co,  t 
1  1 

=  B  cos  co^t 

,  2 
mixer  response  y  =  +  a^x  +  a^x 

where  x  =  (A  cos  ai^t  +  3  cos  co^t) 
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^2^2^  2 
X  =  A  cos  t  +  B  COB  0^2^+  2AB  (cos  oijt  cos  Wgt)  -  —  (l  +  cos  2o>2t)  + 


2  (l  +  cos  2a)gt)  +  — ^  [cos  (a>j^+(is2)t  +  cos 

-  3  2 

^  ~  ~  (cos  o^t)  (1  +  cos  a^u^t)  +  (cos  m^t)  (1  +  cos  + 

AB^  3 

'~2  ^  2 —  ^  ^  cos(a)j^+(j02)t  + 

2  33 

AB  (cos  (»gt)  cos  (a!^-a)g)t  =  •—  cos  u>j^t  +  ^[cos  +  cos  + 

cos  Wgt  +  -JJ-  [cos  (u)g+au^)t  +  cos  (a)g-ao^)t]  +  ^[cos  (tUj^+aUg)t  + 
233 

cos  (cOj^-aLUg)t]  +  ^^cos  +  ^cos  cDgt  +  | — [cos  3u>2^  ■*■  cos  oCgt}  ; 
assuming  =  f.  -  =  AB  cos 

2 

>^2.  ^  “if’  ”“2  ^  “if’  "  ~  1»2,3,...,  then  ^2p[ cos  (cug+aiu^)t  + 

cos  (tug-au^)t]  and.  ^  [cos  (u>^+aug)t  +  cos  (cu^-aOg)t]  are  the  only  terms  from 
the  cubic  expansion  which  may  result  in  signals  appearing  at  the  IF  frequency. 

Thus  the  output  of  the  mixer  stage  which  is  of  interest  is 

[cos  (,,^+aOt  +  cos  (ii.^-u;,g)t]  -(  ^  [cos  (a'2+auj_)  +  cos  (wg-au.,)t]  + 


cos  (u'l+T 


'OS  (,..., it] 


144 


If  BgAB  cos  (tD^-a)2)t  represents  the  desired  product,  then  a^AB  cos(cu2+cUj  )t, 

cos  (a)2"2cu^),  ^3  A  B^  cos  (oij^+StjUg) ,  and  ^3  A  cos  (?o^-2a)g)  represent 

spurious  responses  if  any  argument  becomes  equal  to  the  IF  frequency.  As  an 
example,  assume  cu^  to  be  the  local  oscillator  frequency  and  U3_  to  be  the  input 
frequency,  and  further  assume  the  local  oscillator  frequency  to  be  greater  than 
the  IF  frequency. 

Spurious  responses  will  then  occur  for  three  values  of 

cu'g  =  2aij^  +  2-si  fjp, 

a,  2  -  1  Jtf  jp. 


w'g  =  +  2n  fjp  (image). 

Considering  only  co'g  for  the  present,  the  envelope  of  the  IF  product 

is  seen  to  be  a^A^  where  a  is  a  mixer  constant,  B  is  the  amplitude  of  the  local 

oscillator  and  A  is  the  amplitude  of  the  input  signal.  This  IF  product  is 
identified  by  the  spurious  response  equation  where  p  is  equal  to  one  (the 
coefficient  of  and  q  is  equal  to  two  (the  coefficient  of  u:^). 

This  analysis  can  be  extended  to  show  that  the  amplitude  of  the  IF 

product  is  proportional  to  the  (n  -  l)  power  of  the  input  level,  where  n  is  the 

power  of  the  series  term  producing  the  product. 

Spurious  response  rejection  varies  widely  even  between  receivers  of 
the  same  type,  and  is  usually  affected  in  a  predictable  manner  only  by  such 
devices  as  high-Q  filters  or  by  using  frequency-translation  schemes  other  than 
the  local-oscillator-mixer  method. 

Intermodulation 

The  intermodulation  characteristics  of  a  receiver  are  of  Importance 
because  they  give  an  indication  of  the  interference  possibilities  when  the 
receiver  is  used  in  the  presence  of  two  off-channel  signals-  This  test  is 
conducted  as  shown  in  Figure  6.  Assuming  that  these  signals  have  not  been  mixed 
before  -irriving  at  t.hc  receiver,  some  mixing  may  be  expected  in  the  RF  amplifier 
tubes  anvi/or  the  first  mixer.  If  one  of  the  extraneous  signals  generated  in 
this  manner  happens  to  fall  at  the  tuned  frequency  and  is  of  sufficient  amplitude, 
interference  of  a  co-channel  nature  is  the  result. 

Usually  it  is  nssu.mei  that  the  third  -oixier  .mix  is  potentially  the 
m.cst  serious  type  into .-•m.oiulatio.o  bccau.se-  lutii  signaic  may  to  -within  the 
pass' -u;;  f  the  input  circuits.  The  frequency  relationships  !'or  this  type  ol' 
mix  a;-e  given  ;y 
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where  is  the  receiver  tuned  frequency  and  and  are  the  interfering  signal 
frequencies. 


It  is  also  possible  that  higher  order  Intermodulation  products  caused 
by  two  interfering  signals  near  the  tuned  frequency  could  produce  interference. 
An  example  of  a  higher  order  mix  is  the  fifth  order,  defined  by 


3fa  -  2^b- 


These  high  order  mixes,  however,  are  not  usually  sufficiently  strong  to  cause 
appreciable  interference. 


The  second  order,  or  primary,  mix  cannot  be  neglected  as  a  possible 
cause  of  interference.  This  mix  is  defined  by 


Although  one  or  both  interfering  signals  must  be  far  removed  from  the  passband, 
they  may  still  develop  enough  voltage  at  the  grid  of  the  first  tube  to  produce 
strong  interference.  The  above  analysis  also  applies  for  determining  effects  of 
input  amplitude  variations. 


Since  the  three  types  of  receivers  all  contain  similar  conversion 
processes  in  general,  neither  of  the  above  two  forms  of  interference  is  very 
dependent  on  the  modulation  system.  However,  a  comparison  of  intermodulati’on 
tests  results  as  shown  in  Figures  8  and  9  shows  that  AM  interference  is  somewhat 
more  predictable;  the  AM  rejection  ratio  curves  are  characterized  by  a  3  db/octave 
slope  at  extremely  small  ^  ratios,  where  Af  is  the  frequency  separation  of  the 

o 

nearest  interfering  signal  and  the  tuned  frequency  of  the  receiver.  The  slope 
Increases  to  9-12  db  octave  at  some  ratio  between  .003  and  .01;  data  for  rejection 
ratios  greater  than  90  db  are  subject  to  error  due  to  signal  generator  imperfections 
and  other  factors.  FM  intermodulation  rejection  curves  vary  more  erratically 
since  the  RF  amplifier  bandpass  characteristics  are  dependent  on  the  modulation 
index  or  P  for  the  receiver  Since  only  one  type  of  SSB  receiver  was  tested,  no 
conclusion  may  be  drawn  empirically,  regarding  intermodulation.  However,  it  is 
expected  that  SSB  exhibits  characteristics  similar  to  AM. 


Two-Signal  Selectivity 


The  selectivity  of  a  receiver  to  an  interfering  signal  near  in  frequency, 
with  n  desire,!  .signal  pre.sent,  is  referred  to  as  the  two-signal  or  "true"  .selectivity. 
The  two-signal  test  is  conducted  by  inserting  two  RF  signals  into  the  receiver 
under  test,  as  shown  in  Figure  5-  One  signal  is  tuned  to  the  frequency  of  the 
leceivc!  an-.l  rcpi-esents  a  desired  signal.  The  second  is  tuned  to  some  near 
trequenv-y  and  represents  an  interfering  signal.  As  this  interference  is  brought 
nearer  the  lune.i  frequency  of  the  receiver,  the  desired  signal  level  is  reduced 
l:i  the  audio  output  of  the  receiver.  This  is  usually  caused  by  AVC  action  in 
the  receiver,  .cr  by  o'.ericading  or  the  first  RF  stage  by  the  interfering  .signal. 

Fi  tiler  re.'.ults  in  a  re.rjcti.cn  cf  the  audio  output  ratio  of  the  receiver. 
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Results  were  examined  for  various  receivers  tested,  but  no  conclusions 
could  be  drawn.  In  general,  FM  will  have  less  selectivity  (require  greater 
bandwidth)  except  in  the  case  of  narrowband  PM.  The  one  SSB  receiver  tested 
showed  the  highest  selectivity,  a  result  of  the  sideband  filters  used  in  the  IF 
strip  of  the  SSB  converter.  The  selectivity,  in  fact,  of  this  receiver  was 
such  that  noise  on  the  carrier  of  the  signal  generator  providing  the  interfering 
signal  caused  difficulty  in  measurements. 

III.  TRANSMITTERS 

The  transmitters  which  were  tested  to  obtain  spectrum  signature  data 
and  interference  characteristics  include  portable,  fixed,  mobile,  aircraft  and 
relay  equipments.  Table  1  shows  the  number  and  types  of  transmitters  and  Table  2 
outlines  the  frequency  range  according  to  the  type  of  modulation  systems.  The 
power  outputs  for  the  different  systems  are  presented  in  Table  3* 

All  of  the  transmitters  were  tested  in  accordance  with  the  procedures 
outlined  in  the  reference  3  ard  were  tuned  as  specified  in  the  technical  manual 
provided  with  the  equipment. 

Harmonic  Emissions 


The  majority  of  emissions  from  a  tremsmitter  are  related  to  the 
fundamental  and/or  harmonics  of  the  master  oscillator,  multipliers,  driver,  and 
power  amplifier  frequencies.  Other  frequencies  which  are  not  harmonically  related 
to  the  master  oscillator  may  be  present  due  to  mixing  of  the  various  frequencies 
present  in  a  transmitter.  A  linear  amplifier  is  expected  to  have  a  smaller 
harmonic  content  than  a  non-linear  amplifier;  therefore,  SSB  transmitters  are 
e!q)ected  to  produce  weaker  harmonics  than  AM  or  FM  transmitters.  The  harmonic 
emissions  from  AM,  FM  and  SSB  transmitters  will  now  be  considered. 

The  limit  set  by  Military  Specifications  MIL-I-117^B  (SlgC)  for  any 
harmonic  emission  is  6o  db  below  the  carrier.  The  first  10  harmonics  of  each 
type  of  transmitter  have  been  categorized  and  analyzed,  and  about  685^  of  the 
transmitters  were  found  to  exceed  this  limit  for  the  second  harmonics  and  455^ 
exceeded  the  limit  for  the  third  harmonics.  Table  4  shows  the  percentage  of 
each  type  of  transmitter  exceeding  the  60  db  limit  for  the  first  10  harmonics. 

The  FM  transmitters  were  better  with  respect  to  second  harmonic  emissions  than 
the  AM  or  SSB  transmitters.  The  SSB  transmitters^  however,  had  greatly  improved 
third  and  higher  harmonic  rejections. 

More  than  35  AM,  62  FM  and  32  SSB  test  frequencies  were  investigated, 
and  their  mean  harmonic  outputs  tabulated  in  db  below  the  carrier  are  presented  in 
Table  5-  These  data  support  the  results  in  Table  4.  The  FM  second  harmonic 
rejection  was  about  I7  db  more  than  AM  and  l4  db  better  than  SSB.  The  SSB  fourth 
and  higher  harmonic  rejections  were  better  than  either  AM  or  FM.  In  general,  the 
SSB  harmonic  rejection  appears  to  be  the  best  above  the  first  few  harmonics,  FM 
the  best  for  the  second  harmonic,  and  AM  the  worst  in  all  cases. 
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It  is  necessary  to  point  out  some  reasons  for  the  above  results.  The 
SSB  transmitters  contained  Class  B  push-pull  final  amplifiers  with  little  non¬ 
linear  curvature  and  therefore  the  harmonic  emissions  were  at  a  lower  level  than 
the  emissions  from  the  AM  Class  C  final  amplifiers.  The  FM  transmitters  had  low 
power  output  and  operated  in  the  VHF  and  UHF  regions.  It  is  usually  easier  to 
produce  and  use  VHF  and  UHF  filters  to  reduce  spurious  and  harmonic  emissions 
than  it  is  to  use  HF  filters  because  of  size  consideration.  An  FM  transmitter 
was  tested  with  and  without  the  bandpass  filters  provided  with  the  installation, 
and  it  was  found  that  the  bandpass  filters  produced  more  than  50  db  of  rejection 
for  the  second  and  third  harmonics,  which  represents  a  considerable  Improvement. 
However,  the  cost  of  producing  HF  filters  for  high  powered  transmitters  must  be 
weighed  with  the  improvement  obtained  and  other  considerations  in  determining 
the  feasibility  of  their  use. 

Two  50  watt,  AM  VHF/UHF  transmitters  were  tested  and  their  harmonic 
rejections  were  similar  to  those  of  FM  VHF/uHF  transmitters.  Thus  it  appears 
that  the  overall  transmitter  linearity,  circuitry,  frequency  range,  and  power 
range  usually  determines  the  nature  of  the  harmonic  content,  and  not  the  type 
of  modulation  that  the  system  is  capable  of  handling.  The  same  is  true  for 
other  spurious  emissions  from  the  transmitter  as  well. 

Actual  radiated  output  level  should  be  analyzed  also,  because  a  trans¬ 
mitter  which  radiates  +71  dbm  and  has  a  second  harmonic  rejection  of  only  db 
is  capable  of  a  second  harmonic  output  of  1/2  watt. 

RF  Inteimodulation 


RF  intermodulation  is  the  mixing  of  two  or  more  carrier  frequencies 
in  a  non-linear  manner  to  produce  other  frequencies  which  are  in  turn  . adiated. 
Only  the  third  order  Intermodulation  will  be  dealt  with  here  since  it  is  the  most 
serious  type  of  interference.  An  example  of  third  order  intermodulation  is 
produced  in  a  transmitter  when  the  second  harmonic  of  the  fundamental  frequency, 
f  ,  is  mixed  with  an  incoming  interfering  signal,  f^,  to  produce  signals 
1?  -  f .  I  away  from  f^  and  f . .  The  test  setup  for  measuring  RF  intermodulation 

is  shown  in  block  aiagram  foim  in  Figure  10.  Table  6  shows  normalized  values 
for  third  order  RF  intermodulation  data  for  AM,  FM,  and  SSB  transmitters  for 
and  10%  spacings  and  -20,  -ko,  and  -60  db  couplings.  The  coupling  values 
represent  the  difference  in  levels  of  the  two  signals  at  the  desired  transmitter, 
and  5%  spacing  means  that  the  interfering  signal  is  5%  of  the  desired  signal 
frequency  away  from  the  desired  signal. 

It  is  seen  that  the  SSB  intermodulation  was  less  than  AM  or  FM 
intennodulation  for  all  values  of  couplings  for  5%  spacing.  Data  were  not 
available  for  SSI?  intennodulation  at  10%  spacing.  The  mean  levels  of  third 
order  IM  products  on  the  desired  signal  side  relative  to  the  desired  carrier 
were  -57  db  for  SSL-,  -5:  db  for  FM,  and  -^5  db  for  AM  at  coupling  of  -20  db, 
and  the  third  order  IM  products  on  the  interfering  signal  side  were  about  20  db 
less.  Figure  11  shows  a  plot  of  the  mean  normalized  third  order  IM  at  5%  spacing, 
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and  the  SSB  IM  rejection  is  seen  to  be  slightly  better  than  the  FM  and  considerably 
better  than  the  AM  IM  rejection.  For  every  db  decrease  of  interfering  signal,  the 
third  order  IM  product  on  the  desired  signal  side  decreased  by  about  1  db  and  the 
third  order  product  on  the  interfering  side  decreased  about  2  db,^  This  means  that 
the  products  on  the  interfering  side  fall  off  twice  as  fast  as  the  ones  on  the 
desired  signal  side  for  decreasing  interfering  signal. 

An  increase  of  spacing  from  5^  to  10^  produced  further  rejection  from 
5  to  10  db  for  both  the  AM  and  FM  systems.  The  FM  Intermodulation  was  about  10  db 
better  than  thi.-  AM  intermodulation  fox-  all  values  of  spacings  and  couplings.  Again 
circuit  design,  because  of  frequency  and  power  considerations,  is  responsible  for 
the  outcome  of  the  RF  intermodulation  study.  Linear  operation  in  the  SSB  system 
causes  far  less  mixing  than  in  non-linear  output  stages,  A  VHF/UHF  FM  transmitter 
was  tested  which  employed  bandpass  filters  capable  of  8  db  rejection  at  a  spacing 
of  Vft  from  the  desired  frequency,  37  db  at  5/^  and  U9  lb  at  10^;  the  desired  signal 
was  decreased  only  1  db.  This  system  can  be  tuned  to  contain  hardly  any  KF  inter- 
modulation  at  10^  frequency  spacing.  It  was  found  in  .an  actual  test  that  the 
minimum  intermodulation  imprcvement  with  bandpass  filters  was  11  db  for  the  Std 
order  low  product  with  spacing  of  0.65^,  and  with  greater  spacings  the  3rd  order 
products  were  attenuated  25  decibels  or  more  by  the  filters  alone.  The  size 
and  cost  of  such  a  filter  for  the  HF  region  would  probably  be  greater  than  these 
VHF/UHF  filters. 

Modulation  Characteristics 


The  modulation  characteristics  show  the  modulator  capabilities  of  the 
transmitter.  If  the  modulator  input  voltage  versus  percentage  modulation  or 
percentage  of  rated  deviation  is  not  linear  the  output  of  the  transmitter  will  be 
degraded.  The  desired  modulation  will  be  distorted  and  unwanted  adjacent  channel 
emission  will  likely  occur. 

The  modulation  characteristics  for  h  AM  transmitters  are  presented 
in  Figure  12.  The  percentage  modulation  is  plotted  against  audio  input  in  dbm. 

A  large  audio  input  signal  is  necessary  to  modulate  transmitter  4  above  d0% 
modulation,  and  considerable  distortion  is  generated  within  the  modulator  section. 
Curve  2,  however,  represents  the  typical  AM  trans.mitter  modulation  cha:'acteristic 
curve . 


The  percentage  of  rated  deviation  versus  audio  input  in  dbm  is  plotted 
in  Figure  13  for  5  FM  transmitters.  Curves  1  and  2  show  the  result  of  limited 
deviation  in  an  FM  transmitter  and  curves  3,  4  and  5  show  unlimited  modulation 
up  to  150^^  of  rated  deviation  Above  80^  of  rated  deviation  the  information 
present  in  transmitters  1  and  2  becomes  distorted,  anu  transmitters  3,  4  and  5 
transmit  the  infomatlon  with  little  distortion  However,  it  is  possible  to 
modulate  transmitters  3,  4  and  5  well  above  100^  and  cause  excessive  sideband 
splatter  without  the  limited  deviation  provisions. 

535  modulation  characteristics  are  so.me'what  different  from  AM  or  KM 
ciiarncteristics  Iccause  of  the  different  way  in  -whicr.  modulation  is  expressed. 
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Figure  shows  the  percentage  of  rated  power  output  (PEP)  versus  audio  input 
in  dbm  for  4  SSB  transmitters.  Rated  power  was  obtained  for  a  two-tone  audio 
input  when  the  distortion  products  were  25  db  below  the  two  tones.  Curves  1 
and  2  are  very  non-linear  and  curve  4  is  most  linear^  even  up  to  150^  of  rated 
power.  Curve  3  represents  a  typical  curve  for  Class  B  operation.  Transmitters 
1  and  2  are  considered  poor  SSB  transmitters  since  audio  Intermodulation  products 
are  extremely  high  when  they  are  operated  near  rated  power  output  because  of 
the  non-linearities  present  in  the  system. 

Audio  Intermodulation 


The  audio  intermodulation  produces  new  frequencies  similar  to  RF 
interraodulation.  If  two  audio  tones,  f^  and  fp,  are  mixed  in  a  non-linear 
manner,  new  signals  will  be  produced  at  2f  -  and  -  f^  which  are 
called  third  order  AF  Intermodulation  products;  ana  Sfo  “  ^^1^ 

order;  4f^  -  3f2  ^^^2  ”  ^^1^  order;  etc.  The  mixing  may  occur  in  the 

RF  section  as  well  as  in  the  modulator  and  audio  sections.  The  intermodulation 
products  are  illustrated  in  Figure  15a,  which  is  a  spectrum  photograph  of  the 
SSB  transmitter  modulated  with  two  equal  tones  of  400  cps  and  2500  cps.  It  is 
observed  that  the  3rd,  5th,  7th,  9th,  11th,  and  13th  audio  intermodulation 
products  are  present.  The  unused  sideband  contains  distortion  components 
almost  as  strong  as  the  distortion  components  in  the  desired  sideband.  This 
indicates  that  the  audio  intermodulation  occurs  after  the  sideband  filter 
circuit  which  is  near  the  balanced  modulator  section  and  where  the  single  side¬ 
band  signal  is  produced.  The  non-linearities  of  the  system  cause  the  presence 
of  these  unwanted  products  in  the  desired  and  unused  sidebands  and  limit  the 
usefulness  of  the  unused  sideband  for  further  information  transmission. 

Figure  15b  is  a  photograph  of  the  spectrum  output  for  an  FM  transmitter 
whose  rated  deviation  is  15  kc/sec.  Sideband  splatter  extends  23  kc/sec  from 
the  carrier  at  60  db  below  the  unmodulated  carrier.  Figure  15b  illustrates  AF 
intermodulation  for  an  AM  transmitter. 

Noise-loaded  modulation  is  shown  in  Figure  l6  for  SSB,  FM,  HF'  AM,  and 
VHF  AM.  The  effect  of  single  sideband  modulation  is  fully  realized  in  Figure  15a. 
The  roundness  of  the  FM  output  is  seen  in  Figure  l6b,  and  splatter  effect  of  AM 
is  observed  in  Figures  l6c  and  l6d. 

Carrier  Noise 


Carrier  Noise  is  defined  as  that  modulation  of  the  carrier  which  is 
produced  by  noise  generated  in  the  oscillator,  multiplier,  modulator  and  power 
amplifier  stages,  plus  hum  components  emanating  from  the  power  supplies.  Figure  17a 
shows  components  at  ±120  cps  from  the  carrier,  and  32  db  below  the  carrier  level 
for  an  SSB  carrier  output.  This  is  caused  by  the  .second  harmonic  of  the  power 
line  frequency.  Figure  I'fb  is  an  FM  carrier  output  and  components  are  present 
which  are  caused  by  noise  generated  in  the  modulation  section  and/or  power  line 
noise.  The  rated  deviation  for  this  F.M  transmitter  is  15  kc/sec.  Figure  17c 
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is  an  AM  output  carrier  which  has  a  noise  component  similar  to  the  SSB  output 
but  not  as  large  in  magnitude.  Proper  power  supply  filters  usually  eliminate 
these  carrier  noise  components. 


IV.  CONCLUSIONS 

The  Important  differences  found  in  the  data  for  various  interference 
characteristics  of  the  three  types  of  receivers  have  been  primarily  in  the 
co-channel  interference  test,  as  expected.  These  co-channel  characteristics  do 
not,  in  themselves,  specify  the  spurious  response  and  Intermodulation  susceptibility 
as  measured  using  present  methods,  but  do  determine  the  Interference  to  a  desired 
signal  when  present  if  the  equivalent  IP  interfering  signal  and  desired  signal 
amplitudes  are  determined.  It  should  be  mentioned  that  most  receivers  tested, 
regardless  of  type,  showed  at  least  80  db  rejection  to  most  of  the  spurious 
response  signals  and  therefore  may  not  be  affected  by  this  type  of  Interference 
if  a  sufficiently  strong  desired  signal  level  is  maintained. 

The  majority  of  transmitters  which  were  tested  did  not  conform  to 
the  military  specifications  fOi  second  harmonic  output.  PM  and  SSB  transmitters 
were  better  than  the  AM  transmitters  with  respect  to  harmonic  output  and  RF  inter- 
modulation  output  because  of  circuit  design  and  more  lineai'  operation,  respectively. 
Bandpass  filters  are  available  which  provide  as  much  as  db  of  attenuation  at 
a  frequency  spacing  of  10^  from  the  desired  signal  and  offer  considerable  reduction 
in  harmonic  output  and  RF  intermodulation  in  the  VHP/UHF  region.  The  AF  inter- 
modulation  products  in  the  unused  channel  of  an  SSB  signal  were  about  equal  in 
amplitude  to  those  in  the  desired  sideband.  PM  deviation  limiting  produces  a 
great  deal  of  distortion  near  the  rated  deviation  of  the  transmitters  testedj 
however,  unlimited  deviation  is  capable  of  causing  excessive  sideband  splatter. 
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TABLE  1 

TYPES  OF  TRANSMITTERS  TESTED 


TYPE  OF  TRANSMITTER 

NUMBER 

AM 

16 

FM 

26 

SSB 

6 

TABLE  2 

FREQUENCY  RANGE  FOR  THE  DIFFERENT  TYPES 
OF  TRANSMITTERS  TESTED 


Frequency 

Range 

Number  of  Transmitters 
in  Frequency  Range 

AM 

FM 

SSB 

LF/MF 

2 

0 

0 

HF 

12 

2 

6 

HF/VHF 

0 

14 

0 

VHF/UHF 

2 

10 

0 

TABLE  3 

OUTPUT  POWER  RANGE  FOR  THE  DIFFERENT  TYPES 
OF  TRANSMITTERS  TESTED 


Output  Power 
(Watts) 

Number  of  Transmitters 
in  Output  Power  Range 

AM 

FM 

SSB 

100  or  less 

6 

22 

2 

101  to  1000 

8 

4 

0 

1001  or  more 

2 

0 

4 
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TABLE  4 

PERCENTAGE  OF  TRANSMITTERS  WHOSE  HARMONIC  OUTPUT 
EXCEED  THE  MILITARY  SPECIFICATION  LIMIT  OF  60  db 
BELOW  THE  CARRIER  FOR  THE  DIFFERENT 
TYPES  OF  TRANSMITTERS 


Harmonic 

Percentage  of  Transmitters  Exceeding  Limit 

AM 

FM 

SSB 

2 

81 

62 

100 

3 

56 

46 

25 

4 

31 

14 

0 

5 

31 

15 

0 

6 

31 

12 

0 

7 

31 

4 

0 

8 

31 

4 

0 

9 

25 

4 

0 

10 

25 

0 

0 

TABLE  5 

MEAN  HARMONIC  OUTPUT  FOR  THE  DIFFERENT  TYPES 
OF  TRANSMITTERS  THROUGH  THE  10th  HARMONIC 


Harmonic 

Harmonic  Output 
(db  below  the  carrier) 

AM 

FM 

SSB 

2 

51 

67 

1  ‘  ‘ 

56 

3 

65 

77 

81 

4 

76 

>76* 

>87* 

5 

80 

>79* 

>93* 

6 

82 

>78* 

>88* 

7 

82 

>82* 

>90* 

8 

83 

>81* 

>88* 

9 

87 

>85* 

>90* 

10 

_ 

CO 

>84* 

>90* 

*No  dato  available  for  1/3  to  1/2  of  the  hormonics  because  of  weak 
harmonic  output.  The  estimated  figure  is  probobly  more  than  10  db 
greater  than  the  value  shown. 
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TABLE  6 


MEAN  NORMALIZED  3rd  ORDER  RF  INTERMODULATION 
FOR  AM,  FM,  AND  SSB  TRANSMITTERS 


Frequency 

db  relative  to 

Spacing 

desired  signal 

carrier 

AM 

FM 

SSB 

■IHi 

2f  -  f . 

-45 

-53 

-57 

-20 

5 

f 

0 

0 

0 

0 

f. 

1 

-20 

-20 

-20 

-  f 

1  o 

-65 

-71 

-78 

2f  -  f . 

0  1 

-63 

-75 

-77 

-40 

5 

f 

0 

0 

0 

0 

^1 

-4o 

-4o 

-40 

1 

1 

2^1  -  ^0 

-107 

-113 

1 

<-115 

2f  -  r 

0  i 

1 

1 

-90 

-101 

1 

-103 

-6o 

5 

f 

0 

0 

0 

0 

f . 

1 

-60 

-6o 

-6o 

2f,  -  f 

1  0 

<-110 

<-115 

<-115 

21’  -  r. 

0  1 

-52 

-58 

- 

-20 

10 

r 

o 

0 

0 

- 

1 

1 

-20 

-20 

- 

2i\  -  r 

1  0 

-70 

-77 

- 

‘  "  i 

-o9 

-82 

0 

- 

-Uo 

10 

i 

-•‘0 

-No 

- 

'  '  .1 

-110 

-.-110 

- 

. 
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TABLE  6  (Continued) 


MEAN  NORMALIZED  3rd  ORDER  RE  INTERMODULATION 
FOR  AM,  EM,  AND  SSB  TRANSMITTERS 


Frequency 

db  relative  to 
desired  signal  carrier 

Coupling 
(db)  ■■ 

Spacing 

AM 

EM 

SSB 

2f  -  f . 

-102 

-110 

-60 

10 

O  1 

f 

0 

0 

o 

f . 

-6o 

-6o 

i 

2f.  -  f 

<-110 

<-110 

1  0 

Identllicatlon 


2f  -  f.  =  3rd  Order  Lorf  IM  Product 
o  1 

=  Desired  Signal 
=  Interfering  Signal 
2f^  -  =  3rd  Order  High  IM  Product 
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CO-CHANNEL  INTERFERENCE  CHARACTERISTICS 


Figure 


Figure 


BLOCK  DIAGRAM  OF  TWO-SIGNAL  SELECTIVITY  AND  CO-CHANNEL  TESTS 


Figure  5- 


161 


BLOCK  DIAGRAM  OF  INTERMODULATION  TEST  SETUP 


Figure  6. 


BLOCK  DIAGRAM  OF  SPURIOUS  RESPONSE  TEST  SETUP 


FS-uro  7. 
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INTERMODULATION  CHARACTERISTICS 
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Figure 


Figure  10. 
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PLOT  OF  MEAN  NORMALIZED  3rd  ORDER 
RF  INTERMODULATION  FOR  5%  SPACING 


FREQUENCY 


0C=)00  OOOOO  ool 

Noii-vinooH  % 
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AUDIP  INPUT  (dbm) 


N0iiviA30  aaiva  do  % 
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AUDJO  INPUT  (dbtr) 


—  a 


d3d  a3iVd  30 


TWO-TONE  AUDIO  INTERMODULATION 


(a)  SSB 

Scale  60  db  Below  Tones 
25  kc/sec  Sweep  Width 
Rated  Power 


(b)  FM 

Scole  60  db  Below  Carrier 
50  kc/sec  Sweep  Width 
90%  Rated  Deviation 


(c)  AM 

Scale  60  db  Below  Carrier 
30  kc/sec  Sweep  Width 
90%  Modulot  ion 


Fl*:ure 


NOISE-LOADED  MODULATION 


(a)  SSB 

Scale  60  db  Below  Carrier 
25  kc/sec  Sweep  Width 
Rated  Power 


(b)  FM 

Scale  60  db  Below  Carrier 
100  kc/sec  Sweep  Width 
90%  Rated  Deviation 
Rated  Deviation  is  15  kc/sec 


(c)  AM  (VHF) 

Scale  60  db  Below  Carrier 
30  kc/sec  Sweep  Width 
90%  Modulation 


(d)  AM  (HF) 

Scole  60  db  Below  Carrier 
30  kc/sec  Sweep  Width 
90%  Modulation 


F: 


re  1 L . 


171 


so 


— 0+ 

KILOCYCLES 


KILOCYCLES 


CARRIER  NOISE 


(a)  SSB 

Scale  60  db  Below  Carrier 
0.5  kc/sec  Sweep  Width 


SO 


(b)  FM 

Scale  60db  Below  Carrier 
2  kc/sec  Sweep  Width 


(c)  AM 

Scale  60  db  Below  Carrier 
0.5  kc/sec  Sweep  Width 


SPECTRUM  COMPATIBILITY  MEASUREMENT  CAPABILITY 


J,  E,  Browne 

Navy  Air  Navigation  Electronics  Project 
Weapons  Systems  Test  Division 
NATG,  Patuxent  River,  Maryland 

Abstract,  -  The  Navy  Air  Navigation  Electronics  Project’s 
(NANEP)  chief  role  as  lead  laboratory  for  the  Navy  in  the 
field  of  RF  Spectrum  Compatibility  is  the  measurement  of 
spectrum  signatures,  development  of  measurement  techniques, 
and  the  evaluation  of  related  test  equipment.  Application  of 
instrumentation  and  facilities  to  the  measurement  of  L-band 
radar  spectrum  signatures  is  discussed.  Also  discussed  are 
measurement  techniques  and  special  problems  involved  in  the 
measurements  of  the  two  L-band  spectrum  signatures  currently 
in  progress  at  NANEP, 


I .  INTRODUCTION 

The  Navy  Air  Navigation  Electronics  Project  is  an 
activity  under  the  technical  control  of  the  Bureau  of  Ships 
and  the  administrative  control  of  the  Bureau  of  Naval  Vi/eapons. 
NANEP  is  engaged  in  test  and  evaluation  of  the  ground  or  ship¬ 
board  air  navigation  equipment,  evaluation  of  electronic 
equipments  procured  for  the  Marine  Corps,  and  spectrum  com¬ 
patibility  measurements,  NANEP  is  presently  designated  lead 
laboratory  for  the  Navy  in  the  Spectrum  Compatibility  field, 

II.  MEASUREMENT  CAPABILITY 

A  spectrum  compatibility  measurement  capability 
consists  generally  of  spectrum  signature  measurement  and  the 
necessary  support  facilities,  A  considerable  quantity  of 
instrumentation,  coupled  with  appropriate  measurement  tech¬ 
niques,  is  required  for  spectrum  signature  measurement. 

Among  the  facilities  necessary  to  support  a  spectrum  signa¬ 
ture  program  are  such  things  as  an  antenna  pattern  range, 
maintenance  equipment,  and  screened  enclosures,  both  fixed 
and  mobile.  Two  requirements  the  antenna  pattern  range  must 
meet  are  the  ability  to  operate  over  a  wide  frequency  range, 
at  least^up  to  12  Gc,  and  the  necessary  flexibility  to  accom¬ 
modate  Dvx  for  the  large  variety  of  antennas  encountered, 

A  wooden  tower  at  one  end  of  NANEP's  1100-foot  pattern  range 
holds  the  antenna  positioner  and  the  remote  tuned  signal 
sources.  These  sources  are  located  in  the  enclosure  just 
below  the  positioner,  as  shown  in  Figure  1,  Figure  2  shows 
the  recorder  console  which  is  housed  in  a  semi-trailer  van. 

The  receiving  antenna  tower  is  mounted  on  the  van,  thus  allow¬ 
ing  easy  change  in  antenna  separation. 
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Maintenance  equipment  is  that  equipment  needed  to 
maintain  the  integrity  of  the  basic  test  instrumentation.  An 
example  is  sweep  signal  generators  covering  a  wide  frequency 
range  (100  kcs  to  18  Gc),  These  are  used  to  check  receiver 
band-pass  alignments,  which  must  necessarily  be  maintained  to 
a  good  accuracy  to  check  on  the  quality  of  detector  frequency 
characteristics,  to  maintain  the  integrity  of  filters,  and 
numerous  other  uses,  NANEP  has  found  precision  attenuation 
measuring  equipment  to  be  quite  useful,  not  only  in  maintain¬ 
ing  test  equipment  such  as  attenuators,  filters,  etc,,  but  as 
a  secondary  standard,  and  not  infrequently,  as  basic  test 
instrumentation  for  evaluation  of  operational  equipment. 
Figure  3  shows  the  precision  attenuation  measuring  equipment, 
arranged  in  the  "dual  channel  insertion  loss"  configuration, 
being  used  to  measure  insertion  loss  (in  the  order  of  0,1  to 
0,5  db)  of  an  operational  5-band  filter. 

In  addition  to  our  support  facilities,  NANEP  has 
a  program  of  basic  test  equipment  evaluation.  Evaluations 
are  made  on  production  models  of  commercial  equipment,  as 
well  as  engineering  and  prototype  models,  to  determine  the 
best  available  equipment  for  the  Navy,  An  example  of  work 
done  in  NANEP ’s  instrumentation  evaluation  program  is  the 
recently  completed  evaluation  of  a  field  intensity  meter 
covering  the  frequency  range  of  1  to  10  Gc  developed  by 
Stoddart  Aircraft  Corporation  under  Navy  contract.  Following 
this,  we  are  engaged  in  a  similar  evaluation  of  a  commer¬ 
cially  available  1  to  10  Gc  field  intensity  meter  built  by 
Empire  Devices  Products  Corporation,  Figure  4  shows  some  of 
the  instrumentation  used  in  one  of  the  evaluation  tests. 
Equipments  of  other  manufacturers  are  scheduled  for  future 
evaluation. 


III.  PROBLEMS  AND  MEASUREMENT  TECHNIQUES 
IN  R,AD.AR  SPECTRUM  SIGNATURES 

Extensive  instrumentation  has  been  found,  by 
those  recently  embarking  on  a  spectrum  signature  measurement 
program,  to  be  a  necessity  rather  than  a  luxury,  A  fair 
amount  of  adequate  instrumentation  is  currently  produced. 
However,  further  developments  on  portions  of  the  current 
instrumentation,  as  well  as  a  number  of  new  developments,  are 
badly  needed.  Measurement  techniques  are  constantly  being 
improved  and  new  developments  are  being  made  as  instrumenta¬ 
tion  permits,  A  number  of  spectrum  signatures  are  being 
collected  at  the  present  time  on  radars.  NANEP  is  currently 
conducting  spectrum  signatures  on  two  L-band  radars  and  has 
developed  several  measurement  techniques  while  conducting 
these  measurements. 
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As  an  example,  a  rather  unique  combination  of 
test  equipments  has  been  developed  for  use  in  measuring  side 
lobe  detail  of  the  spectral  shape  of  a  radar  output  pulse 
close  to  the  main  lobe  of  energy.  This  consists  of  the  IF 
section  of  a  spectrum  analyzer  coupled  to  the  IF  output  of  an 
aN/aPR-9  Tuning  Head.  The  triple  tuned  cavity  of  the  RF 
tuning  head  provides  in  the  order  of  80  db  rejection  for  the 
fundamental  lobe  of  energy,  and  the  IF  section  of  the  spec¬ 
trum  analyzer,  which  has  a  narrow  bandwidth,  provides  the 
resolution  necessary  to  obtain  side  lobe  detail.  This  tech¬ 
nique,  developed  with  currently  available  instrumentation 
while  meeting  requirements,  indicates  a  need  for  new  instru¬ 
mentation,  Analyzers  or  spectrascopes  with  multiple  cavity 
tuning  for  greater  selectivity  are  being  considered  for  dev¬ 
elopment  by  several  manufacturers.  Band  reject  filters,  to 
reject  the  fundamental  lobe  of  energy,  could  be  used  with 
current  spectrum  analyzers  if  they  were  available.  Some  band 
reject  filters  are  made  for  VHF  and  UHF,  but  apparently  none 
in  the  microwave  region.  These  filters  will  need  to  have  a 
wide  tuning  range  and  variable  bandwidths,  together  with  a 
high  cutoff  ratio. 

A  handy  addition  to  the  necessary  mobile  shielded 
enclosure  facility,  for  making  transmitter  measurements  in 
the  field,  is  a  mobile  telescoping  antenna  tower  shown  in 
Figure  5,  It  is  mounted  on  a  trailer  having  leveling  jacks 
at  each  corner,  and  the  tower  can  be  elevated  from  5  to  70 
feet.  Since  the  maximum  vertical  lobe  of  power,  with  respect 
to  the  receiving  antenna,  varies  in  elevation  with  frequency, 
this  tower  affords  a  convenient  method  of  maintaining  proper 
receiving  antenna  orientation  when  measuring  transmitter 
spurious  and  harmonic  radiations.  This  tower  also  incorpo¬ 
rates  an  electric  rotor  with  dynamic  braking,  which  greatly 
facilitates  the  azimuthal  orientation  of  antennas. 

Multiple  moding  and  impedance  change  with  fre¬ 
quency  are  problems  in  receiver  measurement  which  have  had 
considerable  study.  These  problems  occur  when  power  from  a 
calibrated  signal  source  is  coupled  into  receiver  input 
terminals  at  other  than  the  designed  frequency  range.  Not 
only  is  the  output  from  the  calibrated  signal  sources  in 
error,  due  to  mismatch,  but  it  can  also  be  in  error  due  to 
power  lost  in  higher  order  modes.  In  order  to  obtain  an 
accurate  measure  of  the  receiver’s  susceptibility  to  energy 
at  spurious  frequencies,  the  antenna,  transmission  line,  and 
receiver  are  treated  as  a  single  entity.  This  is  the  "Over¬ 
all  Susceptibility"  test  in  the  Military  Collection  Plan  and 
is  applicable  to  receivers,  such  as  radar  receivers,  which 
operate  with  one,  or  possibly  two  antennas.  Energy  is  radi¬ 
ated  into  the  system  antenna  from  its  far  field  (DV  X  ),  and 
the  assumption  is  made  that  attenuation  due  to  mismatch  or 
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loss  due  to  multiple  moding  in  either  the  antenna,  trans¬ 
mission  line,  or  receiver,  will  be  the  same  for  an  interfer¬ 
ing  signal  as  for  the  test  signal.  The  chief  drawback  to 
this  test  is  that  a  considerable  amount  of  power  is  required 
in  the  far  field  to  obtain  spurious  responses  in  the  receiver. 
There  is,  at  the  moment,  a  pressing  need  for  high  powered 
calibrated  signal  sources  in  the  10  watt  and  up  class.  NANEP 
has  approached  the  problem  from  two  directions  and,  with 
present  instrumentation,  can  deliver  over  a  milliwatt  to 
microwave  radar  receivers  from  the  far  field.  TVJT  amplifiers 
are  used  to  boost  the  output  power  of  standard  signal  genera¬ 
tors  to  a  watt  (peak  power),  and  large  aperture  high  gain 
antennas  are  used  as  transmitting  antennas.  These  range  in 
size  from  an  8-foot  parabolic  dish,  with  a  log  periodic  feed 
covering  0.9  to  7.0  Gc,  shown  in  Figure  6,  through  a  4-foot 
parabolic  dish,  with  appropriate  feed  horns  covering  7.0  to 
15  Gc,  to  a  1-foot  parabolic  dish,  with  appropriate  feed 
horns  covering  15  to  26.5  Gc. 

Another  measurement  technique  NANEP  has  developed 
with  currently  existing  instrumentation  provides  for  good 
isolation  between  two  signal  sources  when  their  signals  are 
coupled  together  into  a  receiver,  without  appreciable  loss  of 
power.  Several  receiver  tests  in  the  Military  Collection 
Plan  -  among  them,  intermodulation  -  utilize  this  dual  source 
configuration.  The  output  of  each  signal  source  is  coupled 
through  a  ferrite  isolator  into  an  input  terminal  of  a  co¬ 
axial  hybrid,  and  the  receiver  under  test  is  coupled  to  one 
of  the  output  terminals,  vi/hen  the  remaining  output  terminal 
is  properly  terminated,  the  hybrid  provides  20  db  of  isola¬ 
tion  between  the  inputs.  Using  20  db  isolators,  a  total  nom¬ 
inal  isolation  of  40  db  is  obtained  between  signal  sources 
with  only  about  a  4  db  loss. 

A  number  of  measurement  techniques  have  been 
developed  already  in  the  course  of  spectrum  signature  collec¬ 
tion,  and  a  good  many  more  should  be  forthcoming  as  the  spec¬ 
trum  signature  measurement  program  increases  in  magnitude  and 
scope.  It  is  earnestly  hoped  that  test  instrument  manufac¬ 
turers  in  particular,  and  the  electronics  industry  in  general, 
will  heed  the  hue  and  cry  from  the  spectrum  compatibility 
field,  and  not  let  development  and  production  lag  too  far 
behind  our  needs. 
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A  DISCUSSION  OF  TEST  PROCEDURES  FOR  OBTAINING 
SPECTPUt4  SIGNATURES  OF  PULSE  COMCtNICATIONS  EQUIPMENT 

R.  N.  Bailey  and  P.  Johnson,  Jr. 

Georgia  Institute  of  Technology 
Engineering  Experiment  Station 
Atlanta,  Georgia 

(Work  Done  Under  Contract  With  The  U,  S.  Army  Signal  Corps) 

Abstract.  -  Evaluation  of  the  interference  characteristics  (spectrum  signature)  of 
pulse  or  pulse-modulated  microwave  communications  equipments  requires  slightl.y 
different  test  procedures  from  those  used  with  AM,  FM,  and  SSB  systems;  although 
some  of  the  techniques  are  very  similar,  since  many  pulse-modulated  communications 
systems  utilize  AM  or  FM  carrier  systems. 

As  in  AM  and  FM  systems,  spurious  and  harmonic  emissions,  intermodulation, 
sideband  splatter,  and  the  desirable  characteristics  should  be  evaluated  for 
transmitters;  spurious  responses,  intermodulation,  and  the  characteristics  with 
respect  to  various  types  of  Interference,  should  be  evaluated  for  receivers. 

In  addition,  error  rate  and  cross  talk  should  be  evaluated  for  transmitters  and 
receivers. 


Transmitter  and  receiver  test  procedures,  and  the  advantages  and 
limitations  of  these  methods,  which  are  used  to  evaluate  the  interference  and 
desirable  characteristics  of  pulse  communications  equipments  are  illustrated 
and  discussed. 


I.  INTRODUCTION 

Test  Procedures  for  measurement  of  interference  characteristics  for  AM, 
FM,  Navigational,  and  SSB  com.munications  type  receivers  and  transmitters  have  been 
developed  for  the  Signal  Corps,  U.  S.  Array.  Test  Procedures  for  pulse  modulated 
radio  communications  receivers  and  transmitters  have  been  developed  and  are  being 
verified. 


At  the  present  time  the  Signal  Corps  uses  primarily  the  PPM~FM  and 
PCM-FM  "double  modulation"  systems  However,  in  addition  a  modified  commercial 

PDM  (pulsed  carrier)  and  a  PPM  (pulsed  carrier)  "single  modulation"  system  are 
used.  RadivC  links  operating  at  microwave  frequencies  commonly  employ  FM,  because 
at  these  frequencies  It  is  difficult  to  obtain  amplitude  modulators  and  amplifiers 
that  have  sufficient  amplitude  linearity.  The  advantage  of  a  multiplex  system 
is  that  a  single  carrier  can  he  used  to  transmit  .many  channels  of  information. 

Of  course,  the  inl'onnation  rate,  or  capacity,  and  bandwidth  are  related.  There¬ 
fore,  for  a  large  capacity  communications  system  it  is  necessary  to  have  a  large 
iandwidt'n.  because  of  the  wide  bandwidth  required  for  the  reliable  transmission 
of  video  pulses,  a  microwave  carrier  is  normally  used.  Most  of  the  Uignal  Corps 
pulse  commuv.i  cat  ior..'-.  equipments  operate  i:'.  the  ITOO-tlOO  Me  and  LLoO-5000  Me  bands. 


b'.e  •  t.e  .umpies"  s-r.emes  of  time-iiv  i  s  i  o;.  multiplexing  employs  a  pulse 
•i-ais,  ;n  w::i::,  ca'::  csasscl  is  I'epreser.te  :  :y  a  sisclc  pulse  in  the  pulse  train:. 
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A  marker  pulse  is  placed  betweeu  each  sequence  of  channel  pulses.  Each  information 
channel  is  periodically  sampled  at  the  same  rate.  This  sampling  rate  corresponds 
to  the  time  separation  between  the  center  position  of  two  successive  pulses  in 
any  one  information  channel.  The  sample  obtained  for  each  channel  is  used  to 
pulse  modulate  (modulate  one  or  more  characteristics  of  a  pulse)  the  corresponding 
pulse  in  the  pulse  train.  This  pulse  train  must  be  impressed  upon  an  RF  carrier 
for  transmission  by  radio  means,  which  is  com-monly  accomplished  by:  (l)  A  "single 
modulation"  system  in  which  the  RF  carrier  is  keyed  "on"  for  the  duration  of  each 
pulse  only;  also  referred  to  as  "pulsed  carrier"  or  (2)  a  "double  modulation" 
system  in  which  the  pulse  train  is  treated  as  any  video  signal  and  modulates  the 
carrier  by  AM,  FM,  SSB  or  other  conventional  modulation  schemes.  The  first  method, 
because  of  its  on-off  character  should  be  less  susceptible  to  co-channel  or  close- 
channel  Interference.  RF  modulation  and  demodulation  techniques  place  a  limitation 
on  the  number  of  possible  channels  used  in  this  method.  The  continuous  carrier 
used  in  the  second  method  permits  the  use  of  continuous  order-wire  and  monitor 
circuits.  The  fidelity  of  reproduction  permits  a  greater  number  of  communications 
channels;  however,  the  necessary  relay  equipment  is  more  complex.  It  is  possible 
to  adapt  the  relay  equipment  used  with  method  (2)  to  a  wide  variety  of  terminal 
equipment  since  it  is  possible  to  transmit  and  receive  any  video  signal  within 
the  required  bandwidth  of  the  pulse  train.  This  includes  frequency  multiplexing 
terminal  equipment. 

Superheterodyne  receivers  are  commonly  employed  in  microwave  systems. 

The  input  usually  contains  a  frequency  selective  circuit  followed  by  a  mixer. 

In  the  mixer,  the  incoming  signal  is  heterodyned  against  a  signal  generated  by 
a  local  oscillator  to  obtain  the  difference  frequency.  This  difference  frequency 
is  usually  amplified  in  one  or  more  tuned  stages  of  intermediate  frequency 
amplification  after  which  it  is  detected  and  amplified  in  an  audio-or  video¬ 
frequency  amplifier. 

Difficulty  is  often  encountered  in  maintaining  a  high  degree  of  frequency 
stability  of  the  transmitter  oscillator  or  the  receiver  oscillator  at  microwave 
frequencies.  An  AFC  system  is  normally  used  to  stabilize  the  frequency.  Another 
problem  exists  in  receivers  due  to  the  large  bandwidths  in  microwave  systems,  and 
the  large  bandwidths  required  in  the  IF  amplifiers.  Consequently  a  large  amount 
of  noise  is  admitted  into  the  receiver.  This  results  in  a  low  signal-to-noise 
ratio  and  reduced  overall  sensitivity.  The  noise  effect  is  compounded  because  some 
microwave  oscillators  exhibit  high  noise  output.  Due  to  these  latter  factors, 
microwave  systems  favor  modulation  techniques  which  allow  the  intelligible  signal 
to  be  separated  from  the  noise,  such  as  frequency  modulation  or  pulse  modulation. 

A  raa.'ority  of  tlie  iiiLeid’erence  cfrects  iri  pulse  modulation  systems  should 
be  iniepe:kient  of  the  modulation  method  except  for  noise  eff'ects,  and  are  therefore 
i:'.depcnde:. t  of  ti’.e  multiplexer  unit.  However,  the  system  is  no*,  cor.iplet.e  without 
li'.e  mull  iple.xer :  tr.erefore,  the  multiplexer  should  be  used  in  ‘die  system  evaluation, 
particularly  in.  the  modulation  and  demodulaM' o;.  anl  cross  talk  tests  sir.ee  l.hese 
cb.ar'act  erisi  1  cs  .ni’e  a  fur.ctio:.  of  ‘he  mul'iplexer  eqnipmerds. 
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II.  TRANSMITTER  TEST  PROCEDURES 


General 

As  In  AM  and  FM  systems,  spurious  and  harmonic  emissions,  intermodulation, 
sideband  splatter  and  the  desirable  characteristics  of  pulse  modulated  transmitters 
should  be  evaluated.  In  addition,  the  system  error  rate  and  cross  talk  should  be 
determined.  The  following  sections  give  methods  for  determining  these  characteristics. 

Power  Output  Test 


The  power  output  of  a  transmitter  is  a  good  indication  of  its  overall 
condition  and  operation.  It  should  be  determined  with  a  high  degree  of  accuracy 
since  the  amplitudes  of  interfering  signals  as  related  to  the  carrier  will  give 
an  Indication  of  the  severity  of  the  interference.  The  effects  of  all  unstable 
conditions  such  as  "Mode  jumping"  or  frequency  variation  should  be  minimized 
prior  to  measurement  of  the  power  output. 

The  power  output  of  a  pulsed  carrier  system  will  normally  have  to  be 
coivverted  from  the  average  power  as  measured  with  a  power  meter  to  peak  power 
unless  measured  with  a  peak  power  meter. 

It  is  necessary  to  assure  that  the  power  measured  is  the  fundamental, 
power  only,  unless  the  spurious  and  harmonic  radiation  is  less  than  about  5^,  in 
which  case,  the  error  would  be  one-half  decibel  or  less.  This  amount  of  error 
can  be  tolerated  since,  in  general,  measurement  accuracy  is  usually  no  better  than 
±0.5  decibel.  Generally  speaking,  the  second  harmonic  of  the  fundamental  frequency 
should  be  at  least  30  decibels  below  the  fundamental. 

The  method  of  measurement  of  microwave  energy  nomally  consists  of 
ssunpling  the  signal  with  an  appropriate  attenuator  or  coupler  which  has  a  known 
value  of  attenuation,  and  measuring  the  power  with  a  power  meter.  There  are  a 
number  of  different  types  of  power  meters  which  may  be  used;  but  the  thermistor 
bolometer  type  offers  certain  advantages  over  the  other  types.  For  example,  it  has 
a  longer  time  constant  and  is  thei-efore  more  suitable  for  average  power  measure¬ 
ments;  in  addition,  it  is  less  sensitive  to  overloads  than  the  barreter  type. 

A  disadvantage  is  that  it  can  only  be  used  for  relatively  low  power  ],e''els. 

Figure  1  shows  block  diagrams  of  test  setups  used  for  measurements  of 
the  power  output  of  microwave  transmitters  having  a  power  output  up  to  1  kilowatt. 

Spurious  and  Harmonic  Emissions 


Spurious  and  harmonic  emissions  are  measured  in  the  same  manner  as 
those  of  a;'.y  AM  or  FM  transmitter.  As  shown  in  P'igure  2  a  spectiwi  analyzer  is 
used  ar.d  a  signal  is  substituted  from  a  signal  generator  at  each  detected  emission. 
Si.-ice  a  spectram  analyzer  is  used,  it  is  necessary  to  use  a  high  pass  filter  of 
kr.ow:;  cbiaracteristics  at  the  input.  First  the  level  of  the  funaejnental  frequency 
is  measured  vithcu:  the  filter  in  the  circuit.  The  filter  is  then  placed  in  the 
circuit  which,  re  luces  't;:e  level  of  the  fur.:ia.mer.tal.  The  levels  of  all  detected 
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emissions  are  then  measured  and  referenced  to  the  fundamental  since  the  power 
output  and  therefore  the  level  of  the  fundamental  is  known. 

The  spectrum  analyzer  has  the  advantage  that  many  spurious  responses  can 
be  easily  detected  by  the  direction  of  movement  on  the  analyzer  screen.  It  has 
the  disadvantage  that  there  is  no  preselection  before  the  diode.  Because  of  the 
lack  of  preselection  a  filter  must  be  used  when  measuring  harmonic  emissions. 

Other  instruments,  such  as  a  noise  and  field  intensity  meter,  offer  a  dynamic  range 
of  about  8O-IOO  db  but  spurious  responses  are  numerous  and  difficult  to  identify; 
however,  the  advantages  of  the  added  preselection  may  outweigh  the  limitations. 

Intermodulation 


There  are  a  number  of  pitfalls  which  must  be  avoided  in  the  measurement 
of  intermodulation  characteristics.  Desensitization  must  be  prevented,  and 
intermodulation  within  the  measuring  device  must  be  eliminated.  To  avoid  either 
requires  an  extremely  selective  circuit,  or  a  rejection  network  to  eliminate  the 
strong  carrier  signals.  Usually  the  selectivity  is  not  adequate  to  eliminate  all 
desensltizatlon  or  intermodulation  effects  so  it  is  necessary  in  many  cases  to 
utilize  bridged  "T"  rejection  networks.  Unfortunately  it  is  not  always  easy  to 
obtain  such  networks  for  some  frequencies. 

The  method  of  measurement  shown  in  the  block  diagram  of  Figure  3  is 
the  same  as  the  method  used  in  lower  frequency  intermodulation  measurements. 

Sideband  Splatter 


Sideband  splatter  can  be  defined  in  a  number  of  ways.  To  be  meaningful, 
however,  it  is  necessary  to  know  to  what  degree  the  splatter  will  cause  inter¬ 
ference.  In  general,  any  signal  or  noise  which  extends  into  the  adjacent  channel 
may  cause  interference;  therefore,  the  spectral  distribution  of  the  transmitted 
signal  is  of  interest.  Undesirable  sideband  splatter  may  be  caused  by  audio 
intermodulatlon  due  to  tube  nonlinearities,  and  a  nonlinear  modulation  character¬ 
istic,  and  may  also  result  frcrni  excessive  bandwidth  in  the  modulator.  Generally, 
adequate  filtering  reduces  the  undesired  sidebands  due  to  the  above  causes  to  a 
tolerable  level.  Other  effects  which  may  result  in  undesired  sidebands  are 
incidental  AM  and  FM  effects. 

The  method  of  determining  the  splatter  is  to  modulate  the  transmitter 
at  90'^  of  its  rated  modulation  and  observe  the  signal  on  a  spectrum  analyzer.  The 
information  is  normally  recorded  on  photographs. 

Modulation  Characteristics 


Since  amplitude  modulation  monitors  and  deviation  detectors  are  not 
usually  available  for  microwave  frequencies,  modulation  characteristics  must  be 
measured  ir.  a  diffcrer.t  raa:.-ie/-  from  the  co.nventional  proce'iures.  For  AM  and 
KM  tra.-.smi. *  e!'s  i'  is  necessary  to  measure  the  ampli'ude  mo-iu  ]  a!,  i  o:.  and  <lev  iat- i  or, , 
respcc*  Ively,  as  a  function  of  the  input.  i  ulse  t;,Tce  transmitters  have  complex 
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modulation  characteristics  which  are  difficult  to  analyze;  however,  this  type  of 
transmission  system  is  normally  not  used  for  communications  but  may  be  found  in 
systems  such  as  telemetering,  radar,  IFF,  etc. 

4 

Zero-counting  Method  of  Measuring  Deviation 


Discussion 


For  wideband  FM  transmitters  in  the  microwave  range  it  is  usually 
necessary  to  use  the  zero-counting  method  for  measuring  deviation.  This  method 
is  based  on  the  fact  that  a  freguency-modulated  wave  may  be  resolved  into  carrier 
and  sideband  frequencies  in  a  similar  manner  to  an  amplitude-modulated  wave. 

The  required  mathematics  and  the  results  are  much  more  complex  in  the  case  of 
a  frequency-modulated  wave.  The  strength  of  the  carrier  and  side  frequencies 
vary  as  Bessel  functions  of  the  modulation  index. 

Modulation  index  is  defined  as  follows; 


B  =  Modulation  index 


peak  deviation  from  mean  frequency  . 
modulating  frequency 

The  amplitude  of  the  carrier  varies  as  a  Bessel  function  of  the  first 
kind  and  of  zero  order  whose  argument  is  the  modulation  index.  There  are  a  number 
of  values  of  modulation  index  which  make  this  function  zero  and  consequently  all 
of  the  energy  is  converted  to  the  sidebands  and  no  energy  exists  at  the  carrier 
frequency. 


If  the  modulating  frequency  is  properly  chosen,  one  of  the  carrier  null 
points  can  be  made  to  correspond  to  the  desired  deviation.  This  point  may  be 
detected  by  observing  the  spectinun  on  a  spectrum  analyzer  or  by  heterodyning  the 
carrier  against  a  stable  frequency  source  such  as  a  Frequency  Meter. 

The  carrier  and  the  beat  note  as  shown  in  Figure  4  will  disappear  at 
the  desired  deviation.  If  it  is  necessary  to  use  a  null  other  than  the  first 
one,  the  nulls  must  be  counted  as  the  deviation  is  gradually  Increased  in  order 
to  identify  the  correct  null.  The  procedure  is  outlined  in  the  following  steps. 

Measureme;'.t  Procedure 


Select  the  proper  modulating  frequency.  This  should  be  the  highest 
frequency  within  the  audio  passband  of  the  transmitter  vnicii  causes  a  carrier 
null  at  the  desired  deviation.  This  frequency  is  given  by  the  formula 


irivj  iui.8^  I ,  r"CQUG!~cv  =  ■ 

inodulatior.  ii.aex 

v.’:.eye  o;.e  *:.e  values  vhi 'h  tives  a  '^arric-r  :.u.ll  = 
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Table  I  gives  values  of  B  which  result  in  carrier  nulls.  The  first 
null  should  be  used  if  the  required  modulating  frequency  is  within  the  audio 
passband  of  the  transmitter. 


TABLE  I 

THEORETICAL  VALUES  OF  MODL'LATION  INDEX  TO 
REDUCE  THE  AMPLITUDE  OF  THE  CARRIER  TO  ZERO 


Null  Number 

Modulation  Index:  B 

1 

2.4o48 

2 

5.5201 

3 

0.6537 

4 

11.7915 

5 

14 . 9309 

6 

18.0711 

'( 

21,2116 

8 

24.3525 

9 

27.I935 

10 

30.6346 

11 

33.7758 

12 

36.9171 

13 

40.0584 

l4 

43.1990 

15 

46.3412 

l6 

49.4826 

17 

52.6421 

18 

55 . 7655 

19 

58.9070 

20 

62.0485 

Spectrum  Analyzer  Method  of  Measuring  AM 


Discuc 


V  thL  ciiid.an;  spectrum  v 
ru j  rr.L  r. Mi*.-  •'tii-ij.y /.*; 
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Low-noise  crystal-controlled  local  oscillators  are  required  for 
translating  the  transmitter  fundamental  to  the  center  of  the  analyzer  sweep 
(center  frequency)  The  local  oscillator  signal  must  have  considerably  less 
noise  than  the  transmitter  under  test,  which  usually  requires  that  the  oscillator 
be  operated  by  batteries.  Extremely  good  stability  is  also  necessary  if  a  narrow 
sweepwidth  is  to  be  used. 


A  spectrum  analyzer  may  be  used,  if  necessary,  for  measurement  of 
amplitude  modulation.  This  method  is  based  on  the  following. 


The  power  in  an  AM  wave  due  to  the  carrier,  upper  and  lower  sidebands  is 

3. 

"5“  - B" 


Lp  2—2  ^  ^ 

„  I  R  ^  m  I  R  ^  m  I  R 
P  =  +  a  +  a 


w 


2  t;2  2-2 

.  m  V  .  m  V 

+  a  +  a 


■BT 


“5r” 


The  ratio  of  the  power  in  one  sideband  (for  a  single  tone  input)  to  that  in  the 
carrier  is  ^ 

m 

a 


where  m  is  the  modulation  index.  Since  it  is  convenient  to  operate  the 
spectrum  analyzer  in  the  log  mode.  Table  II  gives  the  percentage  modulations 
in  terms  of  one  sideband  level  in  db  below  the  carrier. 


TABLE  II 

SIDEBAND  LEVEL  IN  DB  BELOW  THE  CARRIER 
FOR  STSGLE-TOIiE  AND  TWO-TONE  MODULATION 


Single-Tone  Level 

Two-Tone  Level 

Modulation 

(db) 

^b) 

(percent) 

0 

0 

100 

b. 

9-9 

90 

11  0 

80 

It.  1 

70 

-N  ; 

Co 

b’ 

'•0 

,r 

■  r 
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Measurement  Procedure 


Select  an  attenuator  to  provide  sufficient  voltage  to  operate  the 
spectrum  analyzer. 

Select  a  crystal  local  oscillator  which  when  mixed  with  the  carrier 
signal  in  the  analyzer  will  position  the  carrier  at  the  center  of  the  sweep. 

Determine  from  Table  II  the  sideband  level  required  for  the  desired 
percent  modulation. 

Adjust  the  transmitter  audio  drive  to  obtain  the  desired  level  as 
indicated  on  the  spectrum  analyzer  as  shown  in  Figure  5- 

III.  RECEIVER  TEST  PROCEDURES 

General 

Present  test  procedures  for  FM  receivers  not  using  pulse  modulation 
include  the  following:  sensitivity,  weak-signal  selectivity,  noise  figure,  S-N 
characteristics,  deviation  sensitivity,  electric  fidelity,  co-channel,  close- 
channel,  two-signal  selectivity,  spurious  response,  intermodulation  and  spurious 
emissions  tests  The  use  of  pulse  modulation  in  addition  to  FM  necessitates 
modiflcatlor  of  the  above  tests  and  the  addition  of  an  error  rate  and  an  inter- 
channel  cross  talk  test. 

Sensitivity 

Sensitivity  has  been  defined  in  a  number  of  ways.  The  tangential 
sensitivity  as  shown  in  Figure  6  is  defined  as  the  signal  power  which  is  equal 
to  the  noise  power  and  is  usually  expressed  as  that  signal  which  causes  a  3-db 
rise  above  the  noise  level  reading  on  the  receiver  output  meter.  For  observation 
on  a  cathode  ray  tube  it  is  necessary  that  the  signal  be  pulsed.  A  commonly 
used  definition  of  sensitivity,  illustrated  by  Figure  7,  is  the  signal  level 
required  to  produce  a  6  decibel  signai-plus-noise  to  noise  ratio.  This  signal 
for  detennlnlng  the  sensitivity  of  an  AM  receiver  is  modulated  at  30^  and  the 
signal  for  FM  receiver  evaluation  is  modulated  at  the  rated  deviation. 

The  minimum  discernable  signal,  which  is  a  measure  of  sensitivity  ol'ten 
used  for  radar  receivers, is  extremely  subjective  and  may  vary  from  observer  to 
observer  by  as  much  as  several  Iccibels. 

The  eor.ven!  lonai  FM  receiver  sensitivity  lest  used  is  based  on  the 
rallo  '.'re q.;c:;cy  in  li.m  require  i  at  the  antenna  input  temilnals  to  give 

■i  e  ii  aull.;  outiu’  I’a;  i :  '  .1^  b- ) /U  or  t  It:  ot  quieting.  Do  modi ''icatiori  is 
require:  r  t!:!.-  teji;  ;:^wever,  liie  transmi  t  te  r  wili  i.e  required  as  the  :;ignal 

-■  ir”.  i  •:  '  ,  .j*  i.’ j  .'ii  ratio  is  used  sis-.'e  tdicre  are  ii„.  r’.nov;r]  modulated 
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extraneous  P5F  radiation  from  the  transmitter.  Grounding  the  transmitter  chassis 
may  reduce  extraneous  radiation  sufficiently  A  good  way  to  check  for  sufficient 
isolation  is  to  measure  the  RF  input  required  to  give  a  certain  quieting  ratio, 
then  turn  the  transmitter  off  and  replace  it  with  a  signal  generator.  The  signal 
generator  output  is  then  adjusted  to  give  the  same  quieting  ratio.  When  the 
required  signal  generator  output  is  nearly  equal  to  or  less  than  the  transmitter 
pov/er  required  to  give  the  same  quieting  ratio,  the  isolation  is  sufficient. 

Because  of  the  varied  definitions  and  the  degree  of  subjectivity  of 
some  of  the  observations,  a  more  useful  measure  of  the  sensitivity  of  AM  micro- 
wave  receivers  is  the  noise  figure. 

Noise  Figure 


The  noise  figure  is  defined  as  the  ratio  of  the  available  signal-to- 
noise  ratio  at  the  input  terminals  to  the  signal-to-noise  ratio  at  the  output 
terminals,  assuming  matched  impedances  at  both  the  input  and  output  terminals. 

Since  the  Internal  noise  generated  in  a  receiver  is  the  fundamental 
limitation  on  the  receiver  sensitivity  the  noise  figure  gives  a  repeatable 
quantity  for  determination  of  receiver  operation  and  optimum  design. 

The  noise  generated  within  an  amplifier  or  receiver  is  primarily  due 
to  the  "front  end"  for  two  reasons.  The  "front  end"  usually  consists  of  high- 
gain  stages,  and  the  noise  in  the  front  end  is  amplified  through  several  succeeding 
stages.  The  noise  present  at  the  output  of  a  receiver  is  proportional  to  the 
effective  noise  bandwidth  of  the  tuned  circuits.  Since  the  IF  strip  usually 
contains  the  most  selective  circuits  it  effectively  determines  the  noise  bandwidth. 

The  noise  figure  will  always  be  greater  than  unity  since  the  output 
signal  to  noise  power  is  always  less  than  the  input  signal  to  noise  power.  A 
noise  figure  of  one  corresponds  to  an  ideal  receiver,  i  e.  the  receiver  introduces 
no  additional  noise. 

In  the  design  of  receivers  it  is  necessary  to  reduce  the  noise  figure 
to  a  minimum  since  the  output  signal  to  noise  ratio  varies  inversely  as  the  noise 
figure.  A  reduction  in  receiver  noises,  thereby  decreasing  the  noise  figure,  is 
just  as  beneficial  as  a  proportionate  increase  in  the  transmitter  power  output. 

There  ai’c  several  pitfalls  v/hich  must  be  avoided  in  the  measurement 
o!'  noise  figui'e  Some  of  these  arc  quoted  from  a  paper  by  A  J.  Hendler.5 

"First  .'in.i  foremost,  the  effect  oi'  the  signal  source  of  the  actual 
noise  figure  musi  be  co.nsiJered  The  noise  figure  of  microvavo  mixer.s, 

.grouii  ie  l-rr'i  :  sjr.pli  fi  ci's,  and  low-noisc  inteme  liatc  -  fro  qucncy  amplii’icrs 
.are:i  a  i.i  a  of  the  source  imped.an^e.  Frequently,  in  the  design 

of  IK  asii -I  I  f  o- !f  ,  the  input  oa:  lo  is  pa!'!,  of  the  ;.etvo>'k-  Alteration 

f  a;  le  b.':!o:h  .  „f  tile  s„t.rie  imreiance  I'esist.ive  and 


188  - 


In  the  grounded-grid  amplifiers,  a  change  of  the  signal  source 
impedance  changes  the  available  gain  of  the  stage.  As  the  resistance 
increases,  the  gain  decreases  and  the  effect  of  second-stage  noise 
becomes  more  pronounced.  To  determine  the  optimum  source  resistance 
for  a  particular  amplifier  usually  involves  a  series  of  noise-figure 
measurements  as  a  function  of  this  resistance.  The  available  gain 
variation  may  introduce  serious  errors. 

Another  problem  that  is  encountered  almost  dally  is  the  proper 
measurement  of  receivers  that  have  spurious  responses.  Using  a  signal 
generator  that  provides  signals  only  within  the  useful  channel,  no 
spurious  response  data  are  required  for  the  measurement.  Use  of  a 
wide-band  noise  source,  however,  makes  it  mandatory  that  all  spurious 
passbands  be  known.  Effectively,  each  additional  response  allows  the 
noise  source  to  introduce  more  noise  power  into  the  system.  Failure 
to  Include  one  reasonably  large  spurious  response  makes  the  receiver 
appear  to  have  a  better  noise  figure  than  it  actually  has. 

Now  that  the  significance  of  spurious  responses  i.s  appreciated, 
what  happens  when  a  traveling -wave  (TWT)  is  measured?  If  a  hlgh- 
galn  wlde-band  TWT  is  followed  by  a  single-response  receiver  or  by 
a  multiple-response  receiver  (all  responses  lying  within  the  acceptance 
band  of  the  TWT),  the  same  noise  figure  will  be  measured  and  no 
correction  will  need  to  be  applied.  Consideration  of  the  basic  noise 
figure  definition  shows  that  the  signal-to-noise  ratio  at  the  output 
of  the  TWT  is  uniquely  determined  by  the  noise  figure  and  the  input  slgnal- 
to-nolse  ratio.  Since  the  circuits  that  follow  do  not  usually  contribute 
appreciable  noise,  and  both  the  signal  and  noise  are  noise,  the  ratio  is 
independer.t  of  the  bandwidth  of  the  measuring  equipment.  For  engineers 
who  are  accustomed  to  correcting  for  image  responses  in  microwave  mixers, 
it  is  sometimes  difficult  to  remember  not  to  correct  when  making  TWT 
measurements. 

Receiver  dynamic  range  has  also  been  a  constant  source  of  trouble. 
Dynairdc  range  is  usually  determined  by  plotting  the  input-output 
characteristic  of  the  receiver.  When  a  signal  generator  is  used  to 
obtain  this  characteristic,  a  greater  dynamic  range  is  obtained  than 
if  a  noise  generator  is  used  For  a  c-w  signal,  the  peaks  are  always 
■lO  percent  greater  than  the  icns  value.  The  peaks  of  the  noise,  on  the 
other  hani,  can  "e  much  greater  than  the  rms  values  Noise  spikes, 
t!iere;’ore,  will  cause  ovei-loaa  .■nuch  sooner  than  c-w  peaks,  and  the 
.iynrmiic  r':r..cc  will  te  suppresse.i  For  noise-figure  measurements,  the 
le-.’cl.:-  use;  sr.cul  ;  ic  at  least  10  it  below  the  saturation  level  as 
;c‘. e;r;  '’.e  i  vit  r.  a  signal  generritcr 
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noisa-dlode  generator,  the  terminating  resistor  is  close  to  the  tube 
and,  therefore,  becomes  hotter  than  room  temperature.  For  high  noise 
figures,  the  correction  is  small  and  is  usually  neglected.  With  low 
noise  figures,  on  the  other  hand,  the  correction  is  significant.  A 
plot  of  the  temperature  correction  is  shown  in  Figure  2. 

Headaches  that  have  been  occasionally  encountered  include  relaxation 
oscillation  in  the  gas  tubes,  failure  to  terminate  the  receiver  when 
the  noise  source  is  off,  and  having  the  noise  source  behave  like  an 
efficient  antenna  when  fired.  These  pitfalls  are  less  common,  and 
they  should  only  he  checked  when  all  other  precautions  have  been  taken." 

There  are  a  number  of  different  methods  for  measurement  of  noise 
figure.  The  first  method  involves  the  use  of  a  CW  signal  generator  and  the 
other  methods  utilize  a  noise  source. 

CW  Generator  Technique^ 

The  c-w  "noise"  generator  is  a  well-shielded  signal  generator  with  a 
calibrated  output  of  a  0.1  microvolt  or  less-  If  the  receiver  input  requires  a 
coaxial  cable,  the  signal  generator  is  connected  via  a  matching  cable.  On  the 
other  hand,  if  the  receiver  input  requires  a  waveguide,  it  is  necessary  to 
couple  into  the  receiver  with  a  similar  waveguide  from  the  c-w  generator.  In 
this  case,  a  klystron  obclllator,  with  suitable  moans  of  determining  frequency 
and  amplitude  feeds  into  a  calibrated  attenuator  and  thence  into  a  waveguide 
probe.  The  klystron  must  operate,  of  course,  at  the  desired  radio  frequency 
of  the  receiver. 

The  procedures  for  making  noise  figure  measurements  using  a  "c-w" 
noise  generator  is  as  follows: 

1  Assemble  the  test  setup  as  shown  in  Figure  8. 

2.  Set  the  attenuator  of  the  generator  for  maximum  attenuation. 

This  insures  a  good  match. 

3  With  the  output  of  the  generator  turned  off  -  but  with  the 
noise  generator  connected  in  position  -  note  the  output  noise 
power  level. 

Tuni  on  the  generator  output  Set  the  frequency  of  the  noise 
generntor  to  the  center  frequency  of  the  receiver  response  curve. 

■  Increase  the  output  of  the  noise  generator  until  the  power  output 
level  indicated  by  the  output  measuring  device  is  tv;icc  that  oi' 
step  3  The  noise  figure  is  now  calculate-!  from 
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is  the  signal  generator  output  characteristic  Impedance,  in  ohms 

BW  is  the  effective  IF  bandwidth  of  the  receiver,  in  megacycles. 

When  the  signal  generator  output  is  zero  (Step  3  of  procedure),  the 
output-measuring  device  receives  a  random  noise  signal.  With  the  signal  generator 
turned  on,  the  signal  becomes  noise  plus  c-w.  The  output  measuring  device  must 
respond  to  noise  plus  c-w  in  the  same  manner  as  it  responds  to  noise  alone,  or 
an  error  is  introduced - 

This  method  has  the  disadvantage  that  the  IF  bandwidth  (between  the  70.7 
percent  amplitude  points)  must  be  known  in  advance.  Errors  in  measurement  of  this 
bandwidth  will  contribute  to  the  error  in  the  noise  figure  determination. 

7 

Manual-Noise  Generator  Technique ' 


Another  method  which  may  be  used  for  noise  figure  measurement  uses  a 
gas  tube  noise  generator.  A  gas  tube  noise  generator  consists  mainly  of  a  gas 
filled  tube,  similar  to  an  ordinary  flourescent  tube,  which  is  mounted  in  a  wave¬ 
guide.  When  direct  current  (of  the  order  of  225  ma)  is  passed  through  the  gas 
tube,  noise  power  which  is  uniform  over  the  frequency  range  of  the  waveguide  is 
emitted. 


Since  it  is  not  possible  to  control  the  amount  of  noise  power  by 
variations  of  the  gas  tube  current,  a  calibrated  attenuator  must  be  used.  The 
procedure  is  as  follows: 

1.  Assemble  the  circuit  illustrated  by  Figure  9  using  the  gas 
tube  noise  generator  in  place  of  the  klystron  oscillator. 

2.  With  the  gas  tube  operating  normally  set  the  attenuator  at 
maximum  attenuation.  (Note  that  in  this  method  the  output  of 
the  noise  generator  is  not  set  first  to  zero.  If  the  gas  tube 
current  were  set  to  zero  it  would  not  be  a  good  match  for  the 
waveguide  section  leading  to  the  receiver.  Instead,  the  gas 
tube  is  allowed  to  operate  normally  and  the  attenuator  used 

to  isolate  the  receiver.) 

3-  Observe  the  noise  power  level  in  the  output  measuring  device. 

4.  Reduce  the  attenuation  until  the  value  of  noise  power  in  the 
output  measuring  device  is  twice  that  of  step  3- 

5  Read  the  noise  figure  from  the  calibration  chart  which  gives 
noise  figure  versus  attenuator  setting  This  chai’t  is  prepared 
by  calibrating  the  gas  tube-attenuator  r-ombination  by  the  c-w 
generator  method. 

O 

Automatic  Noise  Figure  Measurement 

a  .cetvcrk  (with  a  generator 
available  signal-to-noise 
available  .c ignal-to-nol so 


As  defined  previously,  the  noise  figiirp  nf 
coni'.ected  tc  its  input  terminal^  is  the  ratio  of  the 
power  ratio  at  the  signal  seneratcr  terminals  to  the 
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power  ratio  at  the  output.  For  noise-figure  measurement  purposes  it  is  eonvenient 
to  define  a  Y-factor,  which  is  the  ratio  of  the  available  receiver  output  power 
(with  the  noise  source  on)  to  the  available  receiver  output  power  with  the  receiver 
input  connected  no  a  termination  whose  temperature  is  290°K.  From  Miomford^®  and 
assuming  a  single-response,  receiver,  noise  figure  as  a  power  ratio  is  determined 
from 

Y  -  1 

where 

Tg  =  the  effective  temperature  of  the  noise  source  in  degrees  Kelvin 

Y  =  as  defined  above,  and 

F  =  the  noise  figure  in  power  ratio. 

In  these  Instruments,  gaseous  noise  sources  of  either  coaxial  or  wave¬ 
guide  construction  are  used.  These  noise  sources  are  transmission  devices  whose 
terminations  are  at  290°K.  With  the  noise  source  on,  the  effective  temperature 
is  Tgj  with  the  noise  source  off,  the  temperature  is  that  of  the  termination. 

Since  the  effective  temperature  of  the  noise  source  is  a  constant  determined 
by  the  diameter,  gas  pressure,  and  gas  content  of  the  discharge  tube,  it  is 
only  necessary  to  measure  Y  -  1  to  determine  the  noise  figure. 

The  Y  ratio  can  be  written  as 

Y  -  1  =  ^  -  1 


Rewriting, 


P  P 
on  -  off 


it  can  be  .seen  if  the  gain  of  the  receiver  is  controlled  to  maintain  either 
P  ,  P  or  their  average  constant,  a  differential  power  meter  that  measures 

P^^  -  would  Indicate  Y  —  1  and  may  be  calibrated  directly  in  noise  figure. 

Figure  10  is  a  block  diagram  of  an  Automatic  Noise -Figure  Indicator. 
The  noise  source  is  squarewave  modulated  at  about  a  300-cps  rate.  The  modulated 
noise  signal  is  fed  to  the  receiver  under  test,  where  it  is  converted  to  the 
intemediate  fi'equeucy.  It  then  enters  the  indicator  IF  amplifier,  where  it  is 
amplified  and  detected.  The  voltmeter  then  measures  the  square  of  the  voltage 
wliich  proportional  to  the  noise  power. 

Weak  Signal  Selectivity 


1 1’iC  sc.lCv. 


.measure-.!  ev  tins  t,e;;t  gives 


gai)i  and  so:;.;  i  ti  vi  t  y  .at  the  center-tunei  frcque.n  .-y  Kui'ihe.-m: 


•tion  o;-  overall 
t!.e  te.'-t.  .'-.hows 
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the  response  at  frequencies  slightly  removed  from  the  tuned  frequency. 

As  with  the  sensitivity  test,  the  weak  signal  selectivity  test  Is  based 
on  a  6  db  audio  output  ratio.  To  obtain  such  a  ratio  a  PTM-FM  signal  generator 
or  transmitter  Is  required;  therefore,  6  db  of  quieting  will  be  used  as  the  out¬ 
put  parameter. 

* 

S-N  Characteristics 


This  test  is  intended  to  show  three  things;  (l)  the  limiter  action, 
or  how  the  noise  and  signal  levels  change  with  input  signal  levels;  (2)  the 
relative  freedom  of  the  receiver  from  noise  during  pauses  in  modulation;  and, 

(3)  the  Internal  gain  of  the  receiver.  Poor  noise  quieting  indicates  insufficient 
IF  gain. 


The  unmodulated  signal  for  this  test  is  adjusted  for  standard  levels  of 
quieting  and  a  ratio  obtained  with  respect  to  no  signal.  Then  the  same  signal  is 
modulated  and  the  increase  in  output  level  measured. 

Deviation  Sensitivity 

This  test  serves  to  determine  the  variation  in  audio  output  ratio  as 
the  frequency  deviation  is  changed.  If  a  curve  of  frequency  deviation  versus 
audio  output  ratio  does  not  peak  at  approximately  the  rated  frequency  deviation 
of  the  receiver  and  drop  rapidly  above  this  value,  the  receiver  has  excessive 
bandwidth.  The  deviation  sensitivity  can  be  measured  in  the  conventional  manner 
if  some  method  of  measuring  deviation  is  available. 

Electric  FideJ.ity 

The  electric  fidelity  test  shows  the  manner  in  which  the  electric  out¬ 
put  of  a  radio  receiver  depends  upon  the  modulating  frequency  of  the  signal.  It 
takes  into  account  all  characteristics  of  the  receiver  except  those  of  the  loud¬ 
speaker  or  headphones,  although  these  are  of  importance.  The  standard  signal 
source  level  used  for  this  is  -60  dbm.  The  audio  output  ratio  at  this  signal 
level  is  recorded.  The  modulating  frequency  is  then  varied  over  the  audio  band¬ 
width  and  the  relative  audio  output  ratio  is  recorded..  This  same  test  can  be 
applied  to  PTM-FM  equipment  when  the  transmitter  with  its  multiplexer  is  used 
as  the  signal  source 

Co-Cliannel 


This  test  is  intended  to  show  the  effect  of  an  interfering  signal  at 
the  same  frequency  as  the  desired  signal,  and  includes  the  inherent  effect  of 
the  discriminator  limiter  and  AVC.  Tiie  masking  effect  of  an  interfering  signal 


Ccj-respon  is  ti  quieti nr-r-igr.al  sensitivity  except  that  the  inpjut  signal  level  is 
varic  :  fro;;,  -i  minimum  value  t-o  the  overload  condition. 
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is  obtained  with  the  desired  signal  modulated  and  with  standard  input  levels  of 
the  desired  signal,  the  audio  output  ratio  being  noted  as  the  level  of  the 
interfering  signal  is  inci'eased  from  zero- 

A  convenient  method  uses  two  signal  generators.  The  desired  signal 
is  modulated  and  the  interfering  signal  is  unmodulated  for  the  conventional  FM 
receiver  test.  The  interfering  signal  is  unmodulated  because  the  depression  or 
capture  effect  in  FM,  due  to  an  interfering  co-channel  signal,  is  a  function  of 
the  relative  ratio  of  the  interfering  signal  level  to  the  desired  signal  level. 
The  shape  of  this  function  is  independent  of  the  modulation  on  the  interfering 
carrier. 


This  same  test  can  be  applied  to  PTM-FM  equipment  using  the  transmitter 
with  its  multiplexer  as  the  desired  signal  source  and  a  signal  generator  as  the 
interfering  signal  source. 

Close -Channel 


This  test  is  inte.nded  to  show  the  effect  of  an  Interfering  signal  whose 
frequency  is  Inside  the  RF  passband  but  is  outside  the  IF  passband.  It  is  also  a 
measure  of  true  receiver  selectivity  since  it  shows  the  inherent  effect  of  the 
selective  circuits,  limiter,  AVC  and  the  discriminator  in  the  presence  of  Inter¬ 
ference.  The  test  is  performed  at  various  interfering  and  desired  signal  level,? 
in  order  to  show  the  selectivity  at  several  different  interfering  signal  level 
to  desired  signal  level  ratios. 

As  with  the  co-channel  test,  this  test  can  be  applied  to  P'lM-FM  equip¬ 
ment  using  the  transmitter  with  its  multiplexer  as  the  desired  signal  source  and 
a  signal  generator  as  the  interfering  signal  source, 

Two-Signal  Selectivity 

The  two-signal  selectivity  is  a  measure  of  the  receiver  response  to 
weak  and  strong  desired  signals  Ir  the  presence  of  weak  and  strong  undesired 
signals.  In  FM  receivers,  interference  to  the  desired  signal  is  caused  by  increases 
in  noise,  desensitization  and  capture  A  two-signal  test  is  the  only  test  that 
will  correctly  show  the  selectivity  curve,  at  jreduced  sensitivity,  of  an  FM 
receiver  having  automatic  gam  control 

This  test  is  performed  by  tuning  the  Interfering  signal  off  channel 
and  increasing  the  desired  signal  for  a  6  db  audio  output  ratio.  The  desired 
signal  level  is  then  increased  by  10  db  and  the  interfering  signal  is  moved 
towards  the  ,iesi7’ei  signal  at  various  standard  intcrfcj'ing  signal  levels,  until 
the  c  db  audio  output  ratio  Is  resto.'-ed  As  with  the  co-channel  and  clo.se- 
channcl  test,  this  test  can  re  applied  tc  PTM-FM  system.s  by  using  the  transmitter 
with  its  multiplexer  as  the  desired  signal  source  and  a  signal  generator  as  the 
interfe lu ng  signal  .-ource 
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Adjacent  and  Alternate  Channel  Rejection 


The  adjacent  and  alternate  channel  rejection  is  obtained  by  adjusting 
the  desired  signal  for  a  12  db  audio  output  ratio  with  the  interfering  signal 
generator  on  the  adjacent  or  alternate  channel  adjusted  for  a  minimum  possible 
output  The  incremental  increase  in  the  Interfering  signal  level  required  to 
reduce  the  audio  output  ratio  to  6  db  is  the  rejection  ratio. 

This  same  test  can  be  applied  to  PTM-FM  equipment  using  the  transmitter 
with  its  multiplexer  as  the  desired  signal  source  and  a  signal  generator  as  the 
interfering  signal  source. 

Spurious  Responses 

With  the  receiver  tuned  to  one  of  the  standard  test  frequencies,  the 
signal  generator  should  be  tuned  over  a  wide  range  of  frequencies  to  discover 
receiver  output  responses  at  frequencies  other  than  the  one  to  which  it  is 
tuned.  These  other  frequencies  are  called  spurious  responses.  Each  spurious 
response  frequency  is  measured  and  the  interfering  signal  level  is  adjusted  to 
give  6  db  of  quieting  or  6  db  S+N/N  ratio.  The  value  of  desired  signal  at  the 
tuned  frequency  which  produces  6  db  of  quieting  or  audio  output  ratio  is 
subtracted  from  the  interfering  signal  obtained  above  to  give  the  spurious 
response  rejection  ratio. 

This  test  can  be  applied  to  the  receiver  of  a  PTM-FM  system  without 
any  variation  since  a  signal  generator  can  supply  the  unmodulated  signal. 

Intermodulation 


The  intermodulation  characteristics  of  a  receiver  are  of  primary 
Importance  because  they  give  an  Indication  of  the  interference  possibilities 
when  the  receiver  is  used  in  the  presence  of  two  off-channel  signals.  Assuming 
that  these  signals  have  not  been  mixed  before  arriving  at  the  receiver,  some 
mixing  may  be  expected  in  the  RF  amplifier  tubes  and/or  the  first  mixer.  If 
one  of  the  extraneous  signals  generated  in  this  manner  happens  to  fall  at  the 
tuned  frequency  and  is  of  sufficient  amplitude,  interference  of  a  co-channel 
nature  is  the  result. 

The  types  of  mix  that  are  considered  are  the  following:  f^  =  2f  " 

f  -  f  -  f,  and  f  =  f  *  f.  where  f  is  the  receiver  tuned  frequency  anS  f  and 
„oa^,b..„oa.b„  o.  ^ 

f^  are  the  interfering  signal  frequencies- 

Care  must  be  taken  in  conducting  this  test  to  insure  that  intermodulation 
does  not  occur  within  the  signal  generators  themselves.  If  the  signal  generators, 
are  of  a  '.ypc  such  that  generator  intenaodulation  is  appreciable,  it  is  essential 
that  a  device  (such  as  a  bandpass  filter  at  f  )  be  used  to  couple  the  generator 
outputs  to  the  receiver 
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This  test  requires  two  unmodulated  microwave  signal  sources  to  test 
the  receivez-  of  a  FIM-FM  system-  Transre .tiers  may  be  used  to  advantage  in  these 
tests  since  the  output  is  usually  such  a  high  level  that  the  necessary  attenuation 
between  the  transmitters  and  the  receiver  normally  reduces  the  transmitter 
intemodulation  to  negligible  proportions-  This  method  is  preferable  since 
transmitters  normally  have  better  intermodulation  characteristics  than  signal 
generators;  however,  it  has  the  disadvantage  that  most  microwave  transmitters 
are  not  easily  retuned  for  another  frequency. 

Interchannel  Crosstalk 


Interchannel  cros.stalk  in  a  multichannel  system  results  from  the 
transfer  of  modulation  from  one  channel  to  another.  The  transfer  may  result 
from  heterodyning  or  over-modulation.  The  test  for  interchannel  cross  talk 
Interference  is  conducted  with  the  transmitter  modulated  by  400  cycles  at  lOO^b. 
The  input  level  to  the  receiver  is  ad.Justed  for  the  standard  desired  signal 
level.  The  transfer  of  modulation,  or  increase  in  noise  in  the  adjacent 
channels  is  measured  to  determine  the  degree  of  crosstalk.  Figures  11  and 
12  Illustrate  some  results  fi'om  performance  of  cross  talk  tests.  It  will  be 
noted  that  there  is  no  apparent  spill-over  into  adjacent  channels.  This  was 
expected  since  adequate  time  spacing  was  allowed  between  channels. 

Error  Rate 


The  error  rate  test  is  designed  to  show  the  effects  of  co-channel  and 
close-channel  Interference  on  PPM-FM  when  used  with  FSK  teletype  and  on  PCM-FM. 

An  "exclusive  or"  circuit  is  used  with  the  equipment  arranged  as  in 
Figure  13  to  check  for  errors.  The  digital  counter  is  used  to  produce  a 
cumulative  count  of  errors.  A  phase  shift  network  is  required  to  adjust  the 
two  inputs  to  the  "exclusive  or"  circuit  for  coincidence  on  an  oscilloscope. 

It  is  desirable  to  use  a  teletype  printer  as  a  check  for  adjusting  the  input 
levels  to  the  "exclusive  or"  circuit. 

The  test  should  be  conducted  with  the  desired  signal  at  optimum 
(S*N)/N  ratio.  The  interfering  signal  is  then  increased  in  increments  and 
the  effects  on  error  rate  is  observed. 

Possibly  these  tests  can  be  conducted  in  somewhat  the  same  manner  as 
the  regular  co-channel,  close-channel  and  two-signal  selectivity  tests  except 
that  error  rate  rather  than  audio  output  ratio  will  be  measured.  The  interfering 
signal  can  be  PPM-FM,  PCM-FM  or  unmodulated.  It  is  hoped  that  a  .simple  relation¬ 
ship  can  be  found  between  the  audio  output  ratio  and  error  rate  so  that  only 
one  o:’  these  tests  is  necessary. 

Tlic  tests  for  the  PPM  and  PWM  (pulsed  carried)  can  be  conducted  in 
the  same  i:iari?ie;'  as  the  tests  for  the  PPM-FM  and  PCM-FM  except  that  the  deviation 
sensitivity  test  woul  i  ;e  cxcluied  ,an,i  the  weak-signal  selectivity  test  could 
le  t.'iKeii  a'  the  IK  freque.-.ey  it  is  possii  le  to  use  a  sir.nal  generator  to 
simiilnte  the  t  ran.vci  z  ter  f.;r  pulse;  carrier  equiyments 
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Figure  1. 


198  - 


SAMPLER 


TEST  SETUP  FOR  MEASUREMENT  OF  SPURIOUS 
AND  HARMONIC  EMISSIONS 


Figure  2. 


TEST  SETUP  FOR  MEASUREMENT  OF  INTERMODULATION 
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ILLUSTRATION  OF  2ERO  COUNT  METHOD 
OF  MEASURING  DEV  ATION 
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ILLUSTRATION  OF  SPECTRUM  ANALYZER  METHOD  FOR 
MEASURING  AMPLITUDE  MODULATION 
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10  kc/sec  Sweep  Width 
15%  Single-Tone  Modulation 
Scale  60  db  Below  Carrier 


Figure  5 • 


TANGENTIAL  SENSITIVITY 
Figure  6. 


STANDARD  SENSITIVITY  (S+N  -  2N) 
Figure  7. 
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ATTENUATOR 


*'CW”  METHOD  OF  NOISE  FIGURE  MEASUREMENT 


Figure  8. 


MANUAL-NOISE  GENERATOR  TECHNIQUE  FOR  MEASUREMENT 
OF  NOISE  FIGURE 
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Multiplexer  Output  Spectrum 
Channels  1,  2  and  3 
Pulse  Position  Modulation 


RESULTS  OF  MULTIPLEXER  CROSSTALK  TESTS  -  6  CHANNELS 
Figure  11. 


Multiplexer  Output  Spectrum 
Channels  1-6 
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RESULTS  OF  MULTIPLEXER  CROSSTALK  TESTS  -  6  CHANNELS 


Figure  12. 
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A  PULSE  TECHNIQUE  FOK  MEASURING  SUSCEPTIBILITY 
AT  AUDIO  AND  RF  FREQUENCIES 


J.  U.  Schukantz,  G.  C.  Cooper  and  P.  W.  Broome 
General  dynamics/ Astronautics 
San  Diego,  California 


Abstract.  A  technique  for  measuring  the  susceptibility  of  any  four 
terminal  linear  network  using  transient  energy  as  a  test  function  in¬ 
stead  of  sine  wave  energy  was  developed  as  part  of  a  study  contract 
titled,  "Development  and  Evaluation  of  Improved  Techniques  for  Measuring 
Susceptibility"  Air  Force  Contract  Number  AF33(616)-7436.  The  technique 
involves  the  use  of  a  transient  or  a  pulse  with  a  known  frequency  spec¬ 
trum  as  a  signal  generator  and  an  analog  computer  as  an  analysis  toola 
The  main  frequency  range  of  interest  was  the  audio  frequency  spectrum 
from  3  cycles  to  15  kcps,  but  the  natural  progression  of  the  study  al¬ 
lowed  the  use  of  this  method  to  measure  both  conducted  audio  and  RF 
susceptibility  with  the  upper  frequency  limit  as  yet  not  determined  and 
limited  only  by  coupling  techniques  and  pulse  generators  available  to 
perform  the  task. 

The  method  consists  of  coupling  a  transient  with  a  known 
frequency  spectrum  to  any  two  terminals  (including  power  input  terminals 
presently  covered  by  audio  susceptibility  tests)  and  noting  the  res¬ 
ponse  to  the  transient  at  any  other  two  terminals  of  interest.  A 
Fourier  integral  analysis  of  the  input  transient  and  response  transient 
is  rapidly  performed  on  an  analog  computer  which  allows  a  comparison  of 
the  input  frequency  vs  amplitude  spectrum  to  the  response  frequency  vs 
amplitude  spectrum  and  a  measure  of  the  insertion  loss  or  transfer 
characteristics  between  any  two  pairs  of  terminals  obtained.  with  tills 
information,  any  peaik  or  rms  sine  wave  amplitude  at  any  frequency  in 
the  spectrum  covered  by  the  test  function  transient  can  be  assigned  to 
the  input  transient  and  the  response  of  the  network  at  this  frequency 
can  be  obtained  by  noting  the  response  of  the  network  to  the  transient 
energy.  This  type  of  analysis  makes  use  of  the  concept  that  the  sus¬ 
ceptibility  of  a  test  sample  is  contained  in  its  frequency  response 
characteristics. 

The  computer  analysis  technique  consists  of  performing  a 
Fourier  integral  analysis  of  the  input  and  response  transients  using 
an  automated  analog  computer  and  a  choice  of  function  generatois.  The 
frequency  vs  amplitude  spectrums  are  rapidly  plotted  on  an  xy  plotter 
which  pi'ovides  a  permanent  record  of  the  tests  performed.  It  is  be¬ 
lieved  that  extensions  of  this  type  of  analysis  would  provide  a  valu¬ 
able  tool  in  the  field  of  measurement  techniques  and  storage  of  inter¬ 
ference  characteristics  of  pieces  of  equipment  tested. 

This  paper  will  be  presented  in  two  parts.  Part  1  will 
deal  with  the  ineclianics  of  performing  the  tests  anu  Part  11  will  deal 
with  the  computer  technique  used  in  analyzing  test  results. 


I.  TOUKIKK  INTjiGKAL  AMALYilS 


It  has  been  known  for  a  long  time  that  given  a  time- 
amplitude  wave  shape,  by  applying  the  Fourier  transform,  the  time-am¬ 
plitude  wave  shape  can  be  examined  in  the  frequency  domain.  This  fact 
immediately  points  to  the  Fourier  integral  analysis  as  a  tool  for  eval¬ 
uating  transients  by  considering  the  frequency  components  in  that 
transient.  Figure  I  shows  some  time  amplitude  plots  and  the  frequency 
spectrum  associated  with  them.  Although  these  time  amplitude  plots 
are  of  a  well  known  variety  there  is  no  reason  why  the  Fourier  integral 
analysis  cannot  l.e  applied  to  irregular  wave  shapes  such  as  those 
that  might  be  encountered  in  examining  responses  of  networks  to  well 
defined  wave  shapes.  The  only  limitation  in  using  this  type  of  an 
analysis  lies  in  the  fact  that  long  hand  methods  of  mathematical  analy¬ 
sis  would  be  time  consuming  and  more  tedious  than  using  KFl  meters  such 
as  an  NF105  to  examine  the  spectrum  of  a  pulse.  The  use  of  an  analog 
computer  however,  presents  a  method  of  rapid  analysis  which  can  be 
applied  to  this  problem. 

II.  Tllini  USK  OF  A  PULdiS  OR  TKANSIiiNT  AS  A 
SUSCliPTIBILITY  MfiASURiSMiiWTS  TOOL 

One  of  the  first  pre-requisites  in  the  use  of  a  pulse  as 
a  susceptibility  test  function  is  the  acceptance  of  the  fact  that  the 
susceptiUility  of  any  linear  network  is  contained  within  its  frequency 
response  characteristics.  This  statement  can  be  explained  by  consider¬ 
ing  what  happens  if  a  malfunction  occurs  in  a  package  under  test  due 
to  sine  wave  energy  at  a  given  frequency  placed  on  the  power  input 
lines  to  that  package.  In  order  for  the  malfunction  to  occur,  energy 
at  the  frequency  induced  has  to  be  passed  from  the  power  lines  to  some 
output  terminals  on  the  package  under  test  wliich  may  actuate  or  cause 
operation  of  some  output  device  which  is  outside  of  the  realm  of  normal 
operation.  At  some  other  frequency,  energy  may  still  be  passed  to 
these  same  two  terminals  but  a  malfunction  may  not  occur.  This  may  or 
may  not  represent  a  dangerous  condition  presently  ignored  in  suscep¬ 
tibility  measurements  procedures  and  serious  consideration  of  this 
problem  should  be  made  on  the  design  level. 

In  view  of  the  fact  that  susceptibility  test  is  in  reality 
a  form  of  response  test  it  was  thought  to  be  convenient  if  sweeping  a 
spectrum  of  interest  one  frequency  at  a  time  could  be  replaced  by  a 
pulse  technique  which  would  present  the  same  spectrum  of  interest  to  the 
terminals  unuer  test.  Figure  2  shows  a  comparison  of  the  sine  wave 
technique  vs  the  pulse  technique.  If  audio  susceptibility  is  the  test 
being  performed  the  package  under  test.  Figure  2a  will  be  subjected  to 
voltages  in  the  frequency  range  from  5U  cps  to  15  kcps  one  frequency 
at  a  time  and  the  output  device  may  or  may  not  operate  in  response  to 
this  energy.  If  a  pulse  is  used  of  the  form  shown  in  Figure  2b,  the 
same  response  characteristics  of  the  package  under  test  can  be  obtained 
by  applying  a  pulse  which  contains  the  frequencies  from  50  cps  to  15 
kcps.  The  only  difference  in  these  two  tests  is  that  in  the  sine  wave 
test  malfunction  or  operation  of  the  output  device  in  response  to  the 
sine  wave  energy  is  the  criterion  for  failure,  while  in  the  case  of  the 
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puXse  teclinique,  input  and  output  spectrums  are  evaluated  to  obtain  a 
measure  of  the  response  characteristics  of  the  package  under  test. 
These  response  characteristics  are  obtained  by  analyzing  the  Fourier 
components  of  the  input  and  output  pulses  and  obtaining  the  frequency 
vs  amplitude  plots  shown  in  Figure  2b.  Once  these  characteristics  are 
known  it  would  become  the  job  of  the  designer  to  determine  whether  or 
not  the  attenuation  characteristics  of  the  network  between  the  injec¬ 
tion  point  and  the  output  device  are  sufficient  to  prevent  actuation 
of  tue  output  device. 

It  should  also  be  noted  that  once  these  response  character 
istics  are  obtained  it  becomes  possible  to  assign  any  value  of  ampli¬ 
tude  to  the  input  pulse  spectrum  to  obtain  the  actual  value  of  ampli¬ 
tude  at  terminals  of  the  output  device  at  a  given  frequency.  For 
example,  if  three  volts  rms  of  sine  wave  energy  is  to  be  applied  to 
any  frequency  from  50  cps  to  15  kcps  at  the  input  of  the  package  under 
test,  the  exact  value  of  rms  voltage  at  the  output  device  can  be  ob¬ 
tained  by  comparing  amplitudes  of  the  input  and  output  pulse  spectrums 

Once  a  procedure  or  technique  is  developed  for  subjecting 
a  package  under  test  to  pulse  type  energy  and  evaluating  the  results, 
another  desirable  condition  can  be  achieved.  This  would  be  to  use  a 
pulse  which  would  have  a  flat  spectrum  in  the  frequency  range  of 
interest,  for  instance  DC  to  15  KC.  With  this  type  of  an  arrangement 
it  would  only  be  necessary  to  examine  output  response  pulses  compared 
to  a  standard  input  pulse  which  would  be  flat  over  the  frequency 
range  specified  and  would  thus  cut  the  analysis  time  down  to  one  half 
of  the  time  necessary  to  conduct  frequency  analysis  of  both  input  and 
output  pulses. 

III.  TOOLS  NKCJfiSSAKY  TO  PIQHF0«M  SUSCKPTIBILITY 
MSASURKMIiN'fS  USING  THE  PULSE  TECHNIQUE 

Pulse  Generator  -  The  first  tool  necessary  to  conduct  sus¬ 
ceptibility  measurements  using  transient  or  pulsed  energy  is  the  pulse 
generator.  This  item  can  take  any  form  from  designed  pulse  generators 
for  testing  in  a  limited  frequency  range,  to  off-the-shelf  pulse  gen¬ 
erators  which  have  the  feasibility  of  carrying  frequency  components 
as  high  as  1  KMC. 

For  limited  conducted  susceptibility  testing  in  the  audio 
and  low  RF  frequency  ranges  several  designs  of  pulse  generators  were 
considered  to  meet  the  basic  requirements.  The  designs  used  will  be 
covered  later  In  the  section  under  types  of  tests  performed.  Some  of 
the  basic  requirements,  however,  should  be  made  clear  at  the  outset. 
The  first  of  these  being  that  the  pulse  generator  to  be  used  should 
have  as  low  as  possible  output  impedance.  This  requirement  stems 
from  the  fact  that  when  low  frequencies  are  cuasidered  the  impedance 
of  circuits  into  which  the  injection  of  a  pulse  test  function  is  de¬ 
sired  could  feasibly  have  impedances  as  low  as  one  ohm  or  less.  This 
woula  be  the  case  of  a  28V  DC  power  line  feeding  a  package  under  test. 
Although  the  package  under  test  may  have  a  high  input  power  line  im¬ 
pedance  it  is  ultimately  in  parallel  with  a  battery  through  a  limited 
cable  length  which  would  represent  a  low  impedance.  At  higher  fre¬ 
quencies  it  becomes  feasible  to  use  standard  pulse  generators  such  as 


the  HP  202A  with  a  50  ohm  output  impedance.  The  use  of  tnis  generator 
allows  the  generation  of  frequency  components  as  high  as  30  me. 

Another  Consideration  is  the  means  of  coupling  to  the  cir¬ 
cuit  under  test  and  after  examining  several  approaches  to  this  problem 
the  most  desirable  means  of  accomplishing  th' s  type  of  coupling  was 
through  a  pulse  transformer  with  a  1:1  or  low  turns  ratio.  This  also 
provided  isolation  between  the  generator  and  the  circuit  under  test  and 
also  allowed  generation  of  a  controllable  exponential  pulse. 

Oscilloscope  and  Polaroid  Camera  -  The  scope  used  to  detect 
input  and  response  transients  should  have  a  high  frequency  response 
equivalent  to  the  highest  detected  frequencies  desired.  The  Tektronix 
545  series  with  the  30  me  pre-amp  was  found  to  be  suitable  for  usage 
in  the  pulse  testing  covered  thus  far.  The  ultimate  use  of  the  oscil¬ 
loscope  in  this  type  of  testing  is  to  provide  information  upon  which 
the  analog  computer  can  worn,  therefore  a  permanent  record  of  the 
transients  detected  is  obtained  using  the  scope  in  conjunction  with  a 
Polaroid  Land  camera.  The  photographs  of  the  transients  allows  the 
proauction  of  photo  former  plates  which  can  take  the  form  of  the  oi'ig- 
inal  photograph  or  reproduced  transparencies.  These  plates  become  the 
inputs  to  the  analog  computer. 

Analog  Computer  -  Although  the  computer  used  in  the  tests 
performed  can  accomplish  many  tasks,  the  only  task  performed  in  sus¬ 
ceptibility  testing  using  the  pulse  techniques  was  to  obtain  the  Fourier 
analysis  of  the  test  functions  used  anu  obtained.  The  analog  computer 
is  therefore  the  analysis  tool  in  this  type  of  testing  and  can  oe 
tnought  of  as  equivalent  to  other  detectors  such  as  HFI  meters  pres¬ 
ently  used  to  detect  transients. 

Figure  3a  shows  a  block  diagram  of  the  components  necessary 
to  perform  the  susceptibility  test  using  pulsed  energy.  Tracing  the 
steps  of  the  analysis  can  be  done  by  referring  to  this  figure.  The 
test  function  is  injected  into  the  network  under  test  and  a  photograph 
of  the  input  and  output  transients  is  obtained.  These  photographs 
are  modified  by  cutting  out  the  pictures  taken  with  the  polaroid  camera 
to  fit  the  photoforuier  function  generator.  The  analog  computer  then 
performs  the  I'ourier  analysis  of  the  input  and  output  transients  and 
a  direct  comparison  can  bo  made  of  the  frequency  spectrums  of  these 
transients  by  examining  the  XY  plotter  outputs.  This  comparison  des¬ 
cribes  the  response  characteristics  of  the  network  under  test. 

An  alternate  scheme  for  perfoi’ming  this  same  analysis  is 
seen  in  Figure  3b.  The  function  generator  in  this  scheme  becomes  a 
HI’  160  scOjje  which  has  incoi-poraLed  in  it  a  display  scannei'  which  ap¬ 
plies  a  time  scaling  factoi'  to  the  transient  analyzed  slowing  it  down 
to  conq.uter  time.  In  tins  analysis  the  process  of  producing  a  photo¬ 
former  plate  is  eliminated  by  using  this  scope  since  the  analog  com¬ 
puter  works  directly  on  the  output  of  the  display  scanner.  This  analy¬ 
sis  requires,  however,  that  a  rep  rate  be  associated  with  the  test 
function  pulse  used  to  examine  the  response  of  the  network  under  test. 
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Linearity  Tester  -  The  pulse  technique  of  susceptibility 
testing  requires  that  the  networK.  under  test  is  linear  in  nature  within 
the  frequency  range  of  usage.  It  is  therefore  implied  that  there  has 
to  exist  some  technique  by  which  the  linearity  of  the  network  in  ques¬ 
tion  can  be  checked  prior  to  performing  the  test  and  subsequent  analysis. 
This  linearity  test  takes  the  simple  form  of  using  an  oscilloscope  and 
the  amplitude  control  of  the  pulse  generator  as  tools  for  determining 
linearity.  Figure  4  sltows  how  the  linearity  test  would  be  performed. 

The  pulse  generator  amplitude  would  be  placed  at  some  vaiue  K  necessary 
to  obtain  a  response  pulse  amplitude  A  at  the  output  of  the  network 
unaer  test.  Polaroid  pictures  could  be  taken  for  oomparison  pui'poses 
or  visual  observations  could  be  used.  Having  obtained  the  response  of 
the  network  to  amplitude  K  of  the  pulse  generator,  the  amplitude  of 

the  pulse  generator  can  be  reduced  to  —  or  increased  to  2K  and  the 
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scope  gain  can  be  increased  to  2C  or  decreased  to  —  the  order  shown 
in  Figure  4b.  If  the  amplitude  K  of  the  response  and  the  shape  of 
waveform  B  does  not  change  with  respect  to  these  amplitude  changes,  the 
network  under  test  can  be  considered  linear  for  the  amplitude  ranges  of 
the  test.  It  is  assumed,  of  course,  that  the  network  under  test  is 
loaded  at  its  input  and  output  as  it  would  be  in  normal  usage. 


IV.  TiiSTS  PJfiHFOKMKD  TO  SHOW  EQUIVALiJiT  BHOADBAND 
SUSCEPTIBILITY  TESTING  TO  SINE  WAVES 
AND  THE  ACCEPTABILITY  OF  THE  COMPUTER 
TECHNIwUE  OF  ANALYSIS 


During  the  first  step  of  investigations  designed  to  inves¬ 
tigate  the  validity  of  the  computer  analysis  approach,  several  tests 
were  made  to  show  that  the  analog  computer  Fourier  analyses  of  a  wave¬ 
form  agreed  with  other  methods  available  to  perform  the  same  task. 
Other  tests  were  performed  on  idealized  low  pass  filters  to  prove  that 
the  pass  chai'acteristics  of  any  linear  network  does  not  differ  whether 
sine  wave  or  a  pulse  is  used  as  a  test  function  assuming  of  coarse, 
that  the  pulse  has  energy  content  in  the  frequency  range  of  interest. 

The  first  method  used  to  check  the  computer  method  of 
Fourier  integral  analysis  of  a  broadband  waveform  was  to  check  a  known 
waveform  distribution  against  readings  obtained  for  that  same  waveform 
using  an  RFl  meter.  The  pulse  to  be  evaluated  was  repeated  for  each 
tuned  frequency  of  the  RFl  meter  and  readings  were  checked  against  a 
known  distribution. 

The  circuit  shown  in  Figure  5  was  used  to  generate  pulses 
wliich  could  be  varied  in  shape  or  size  by  varying  the  circuit  par¬ 
ameters,  C,  R  and  the  L  associated  witli  the  transformer  used.  The 
silicon  control  rectifier  was  used  to  discharge  the  capacity  C  because 
of  its  acceptably  snort  time  rise.  Using  this  circuit,  several  pulses 
were  generated  with  rise  times  ranging  from  0.05  u  sec.  to  0.25  u  sec. 
These  pulses  were  analyzed  for  frequency  content  using  analog  computer 
techniques,  and  one  of  the  waveforms  generated  closely  approximated  a 
cosine  squared  pulse  which  has  a  known  frequency  vs.  amplitude  func¬ 
tion.  This  puise  was  analyzed  using  this  Known  function.  The  wave¬ 
form  analyzed  is  siiown  in  I'igure  6  and  is  compared  witli  the  standard 
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cosine  squared  puise.  Figure  7  shows  the  frequency  vs.  ampiitude 
function  given  by  the  Fourier  integrai  which  applied  to  the  cosine 
squared  puise  and  a  comparison  is  made  within  the  frequency  vs.  ampli¬ 
tude  function  of  the  analyzed  transient . 

Since  the  first  computer  analysis  used  to  obtain  frequency 
vs.  amplitude  information  of  any  transient  gave  only  relative  ampli¬ 
tudes  of  frequencies  contained  in  a  transient,  it  was  necessary  that 
measurements  be  taken  at  a  few  frequencies  in  the  spectrum  of  interest 
in  order  to  establish  the  frequency  vs.  absolute  amplitude  function  in 
terms  of  the  amount  of  broadband  energy  present  at  any  frequency  con¬ 
tained  in  the  transient.  In  this  case  the  NF105  (frequency  rajige,  0.15 
to  25  me)  Empire  Devices  interference  receiver  was  used  to  measure  peak 
amplitudes  of  the  frequencies  present  in  the  analyzed  transient  in 
terms  of  microvolts  per  megacycle.  The  values  obtained  are  shown  in 
Table  1. 


The  frequency  vs.  amplitude  curve  for  the  analyzed  transient 
in  Figure  7  was  plotted  from  the  values  shown  in  Table  1  and  normalized 
to  fit  the  theoretical  curve.  As  can  be  seen  from  the  curves,  the 
theoretical  frequency  function  of  the  cosine  squared  pulse  and  the  ana¬ 
lyzed  transient  compare  very  closely  (within  3  db)  below  3.75  me.  The 
deviations  at  the  high  frequency  end  of  the  spectrum  were  attributed 
to  the  steeper  slope  of  the  analyzed  transient  and  some  of  the  varia¬ 
tions  at  the  low  end  of  the  spectrum  were  attributed  to  the  fact  that 
the  analyzed  transient,  did  have  some  high  amplitude  low-frequency  com¬ 
ponents  wnich  can  be  seen  by  comparing  the  plots  of  Figure  6. 

In  investigating  the  use  of  pulse  type  susceptibility' 
testing,  several  problems  were  encountered  concerning  the  ideal  pulse 
shape,  frequency  content  of  the  pulse,  the  amplitudes  of  the  fre¬ 
quencies  contained  in  the  pulse  and  the  total  amplitude  of  the  pulse 
to  be  used.  It  should  be  noted  that  the  pulse  to  be  used  will  iiave  to 
be  developed  across  a  low-impedance  generator  in  order  to  be  useful  in 
applications  requiring  testing  of  power  circuits  wiiich  are  inherently 
of  a  low-impedance  nature. 


TABLE  1,  Measured  spectral 
cosine  squareu  pui 

distribution  of  the 

se 

Frequency 

Dh  AhOVE  1  uV 

MV/MC 

15U  kc 

93 

44700 

1.97 

300  kc 

93 

44700 

1.97 

400  kc 

93 

44700 

1.97 

500  kc 

93 

44700 

1.97 

750  kc 

93 

44700 

1.97 

850  kc 

92 

39800 

1.75 

91 

35500 

1.56 

1.5  me 

90 

31600 

1.38 

2.0  me 

88 

25100 

1.10 

2.5  me 

87 

22400 

1.00 

3.0  me 

86 

22400 

1.00 

3.75  me 

17800 

0.80 

5  me 

82 

12600 

0.07 

6  me 

75 

5620 

0.025 

6.5  me 

74 

5010 

0.022 

7mc 

74 

5010 

0.022 

7.5  me 

70 

3160 

0.014 
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Seaii'ch  for  a  pulse  shape  which  would  be  both  easily  gen¬ 
erated  and  easily  analyzed  from  the  standpoint  of  frequency  amplitude 
content  indicate  the  exponential  pulse  shown  in  Figure  14  along  with 
its  frequency  transform  would  lend  itself  to  experimental  investigation. 

As  can  be  seen  in  Figure  8,  the  frequency  content  oi  inis 
exponential  pulse  can  be  regulated  by  changing  the  rise  time  of  the 
pulse.  ;Since  the  range  of  frequencies  of  interest  in  the  primary  inves¬ 
tigation  was  between  15  cps  and  200  kc,  primarily  to  ensure  fairly  flat 
amplitude  in  the  audio  range  of  the  frequency  spectrum,  the  rise  time 
of  the  pulse  was  kept  to  values  of  about  1  u  sec.  which  was  still  easy 
to  achieve  by  changing  the  vaiue  of  the  resistance  Hj_|  in  Figure  5. 
Referring  to  Figure  8,  it  can  be  seen  tliat  an  exponential  pulse  with  a 
rise  time  of  1  u  sec.  would  contain  frequencies  of  considerable  ampli¬ 
tudes  out  to  1  me  and  would  have  frequency  components  down  b  db  from 
maximum  amplitude  at  about  190  k.c. 

Referring  again  to  Figure  5,  it  can  be  seen  that  the  point 
of  generation  of  the  pulse  considered  for  susceptibility  studies  would 
be  across  R^  in  the  secondary  of  the  pulse  transformer.  This  resistance 
would  ultimately  have  to  be  a  very  low  value  of  pulse-type  testing 
to  be  considered  for  low-impedance  power  ciixuits.  The  lowest  vaiue  of 
R|^  that  was  tested  was  1  ohm. 

It  was  possible  to  generate  the  1  u  sec.  pulse  mentioned 
above  with  amplitudes  between  90  and  ilOv  across  an  Hj^  of  1  ohm  with 
a  primary  supply  of  250  v  and  a  pulse  transformer  that  was  not  matched. 
It  was  believed  that  this  can  be  improved  upon  by  using  silicon  con¬ 
trolled  rectifiers  with  higher  breakover  potentials  and  a  matched  pulse 
transformer.  Further  investigations  lead  to  the  development  of  a  dif¬ 
ferent  puise  generation  which  could  be  used  to  place  transients  on 
both  28V  DC  lines  and  il5V  400  or  60  cps  lines.  This  generation  will 
be  covered  later.  Studies  covered  in  this  section  used  the  puise  gen¬ 
erator  shown  in  Figure  5. 

The  waveform  shown  in  Figui'c  8  was  used  to  examine  the  res¬ 
ponse  of  several  different  passive  circuits  comparing  the  transient 
response  characteristics  to  the  steady  state  response  cnaracteristics 
but  only  one  such  case  will  be  included  here  for  the  purpose  of  illus¬ 
tration,  i.e.,  the  case  of  a  low  pass  filter. 

The  filter  designed  is  shown  in  Figure  9.  This  filter  was 
a  low  pass  constant  K  T-sectiou  with  a  cutoff  frequency  of  1.5  kc  and 
a  characteristic  impedance  of  10  K  ohms  terminated  in  10  k  ohms.  The 
steady  state  response  characteristics  of  this  filter  are  shown  as  the 
solid  curve  of  Figure  9.  No  attempt  was  made  to  match  the  filter  at 
the  input  due  to  the  fact  that  a  low  impedance  pulse  generator  and 
audio  oscillator  was  used  at  the  input.  The  transient  shown  in  Figure 
iOa  was  used  as  the  test  function  against  which  the  steady  state  res¬ 
ponse  was  to  be  checked.  The  frequency  amplitude  distribution  of 
this  transient  is  also  shown  in  Figure  iOb  along  with  an  indication 

of  where  f  of  the  filter  was  located  in  that  distribution, 
c 
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The  resultant  waveform  at  the  output  of  the  filter  for  the 
input  transient  of  Figure  iOA  is  shown  in  Figure  ilA.  This  waveform 
was  anaiyzea  for  frequency  amplitude  characteristics  using  analog  com¬ 
puter  techniques  and  found  to  have  the  spectral  distribution  of  Figure 
IIB.  This  spectral  distribution  checked  with  the  frequency  character¬ 
istic  of  the  filter,  i.e.,  the  frequencies  in  the  pass  band  of  the  fil¬ 
ter  contained  in  the  transient  shown  in  Figure  lOA  were  passed  by  the 
filter  giving  the  waveform  in  Figure  llA.  The  amplitude  of  the  wave¬ 
form  in  Figure  llA  was  down  40  db  from  the  input  transient  amplitudes 
but  it  should  be  noted  that  this  is  only  due  to  the  fact  that  the  filter 
is  passing  only  a  small  portion  of  tne  total  available  spectrum  in  the 
original  transient « 

The  spectral  distribution  of  the  transient  is  ilat  in  the 
region  of  the  filter  pass  band  anu  the  computer  analysis  of  the  wave¬ 
form  in  Figure  llA  is  produced  with  reasonable  accuracy  the  character¬ 
istics  of  tne  filter.  This  comparison  is  shown  in  Figure  9. 

The  above  results  demonstrate  the  feasibility  of  using  a 
transient  type  test  to  determine  the  frequency  characteristics  of  a 
susceptibility  test  sample  by  merely  noting  the  effect  of  a  test  sample 
on  a  transient  with  a  known  frequency  amplitude  characteristic.  It 
should  be  noted  also  that  the  steady-state  frequency  chai-acteristics 
of  the  test  sample  should  agree  with  the  transient  analysis  based  on 
the  frequency  amplitude  model  of  the  ti'ansient  used  and  the  frequency 
amplitude  monel  of  the  response  transient  at  the  output  of  the  net¬ 
work  tested. 


At  this  point  it  can  be  seen  that  although  present  tech¬ 
niques  used  in  audio  susceptibility  dictate  the  use  of  sine  wave  en¬ 
ergy  on  power  lines  to  produce  malfunctions,  the  pulse  technique  could 
become  a  simple  test  to  predetermine  whether  or  not  the  power  lines  in 
any  particular  test  sample  could  conduct  energy  to  any  other  two  ter¬ 
minals  of  interest  in  the  audio  frequency  range.  In  fact,  the  present 
gap  in  frequency  coverage  in  MIL-I-26600  from  15  KC  to  150  KC  could 
be  covered  in  the  same  simple  test  by  modifying  the  rise  time  of  the 
test  function  in  Figure  lOA  so  that  an  essentially  flat  spectrum  from 
DC  to  150  KC  could  be  presented  to  the  power  terminals  of  a  package 
under  test. 


Optimization  of  the  transient  test  function  toward  in¬ 
creasing  the  spectrum  of  investigation  was  also  considered.  It  was 
found  that  the  generating  techniques  snown  in  Figure  5  anu  a  subse¬ 
quent  model  of  the  same  circuit  was  limited  to  a  spectrum  coverage  from 
DC  to  approximately  1  or  2  MC.  This  limitation  was  due  to  the  inherent 
rise  time  capability  of  several  switches  investigated  including  the 
SCR  presently  used  in  designed  pulse  generators.  Devices  capable  of 
switching  high  currents  necessary  to  develop  an  appreciably  high  voltage 
across  low  impeuances  were  limited  to  bCK'g,  push  buttons,  switches, 
anu  mercury  switcnes.  Of  the  above  three,  the  5CK' s  proved  to  be  the 
easiest  to  work  with  even  though  their  impedance  at  breaadown  was 
higher  tlian  that  of  a  inercuiy  switch. 
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The  best  possible  rise  time  attainable  with  an  SCR  firing 
into  a  1  ohm  load  was  about  0.4  u  sec.  Figure  12b  shows  that  with  this 
test  function,  shown  in  figure  12a,  the  -12  db  point  in  the  frequency 
amplitude  distribution  was  at  approximately  0.9  me.  It  is  therefore 
assumed  that  the  analysis  could  be  carried  out  successfully  out  to  1 
me  ana  possibly  farther  without  any  difficulties.  The  generating  cir¬ 
cuitry  for  this  test  function  will  be  shown  in  the  section  under  test 
techniques.  The  pulse  transformer  used  to  couple  this  test  function 
was  flat  out  to  1  me  with  a  secondary  current  carrying  capacity  of  5 
amps.  Tiius  for  test  samples  requiring  more  than  5  amps  (ac  or  dc) 
another  transformer  would  have  to  be  designed. 

It  was  desired  to  investigate  means  of  extending  the  usage 
of  a  transient  test,  function  in  susceptibility  studies  to  25  me.  Since 
it  was  previously  determined  that  the  generation  of  a  test  function  to 
include  this  frequency  range  would  require  rise  times  in  the  millimicro¬ 
second  range  (10"9  sec.),  studies  were  made  of  devices  which  could  ac- 
com^jlish  the  generation  of  such  pulses.  It  was  also  necess£iry  to  study 
the  means  of  coupling  such  a  test  function  to  the  ac  or  dc  power  lines 
under  susceptibility  tests  and  still  maintain  the  quality  of  having  a 
low  impedance  generator. 

A  method  which  proved* to  be  quite  satisfactory  involved  the 
use  of  the  HP  212A  Pulse  Generator  and  a  Stoddart  Current  Probe  (Model 
91550-1)  as  a  pulse  transformer.  The  signal  generator  was  capable  of 
generating  rise  times  in  the  0.01  to  0.02  u  sac.  range.  The  current 
probe  was  found  to  have  a  fairly  flat  frequency  amplitude  characteris¬ 
tics  from  1  to  25  me  and  an  8:1  turns  ratio.  If  negligible  losses  are 
assumed  in  the  probe,  the  voltage  in  the  generator  circuit  would  be 
stepped  down  by  a  factor  of  8  and  the  impedance  (assuming  a  50  ohm 
generator)  would  be  stepped  down  to  50/64  ohms.  This  generating  cir¬ 
cuit  still  maintains  the  low  impedance  generating  source  at  the  sacri¬ 
fice  of  the  test  function  amplitude. 

The  actual  circuit  used  is  shown  in  Figure  13  with  a  schem¬ 
atic  representation  in  Figure  i3a.  The  metallic  tube  inserted  in  the 
probe  was  used  to  minimize  leakage  reactance.  A  50  ohm  Bird  load  was 
used  to  load  the  secondary  circuit  and  the  injected  transient  was 
monitored  at  the  input  to  the  probe  (K  in  Figure  13a  and  across  the  50 
ohm  Bird  load  (F/8  in  Figure  13a).  The  input  transient  and  output 
transient  and  their  cnaracteristics  can  be  seen  in  Figure  i4a  and 
Figure  i4b  respectively.  The  frequency  ajnplitude  distribution  of  the 
input  and  output  transient  can  be  seen  in  Figure  15.  The  output 
transient  is  down  in  amplitude  by  a  factor  which  would  be  considered 
due  to  the  8:1  turns  ratio  and  the  losses  due  to  the  distributed  par¬ 
ameters  of  the  current  probe.  What  should  be  noted  from  the  curves  of 
Figure  15  is  the  fact  that  the  current  probe  follows  closely  the  res¬ 
ponse  of  tJie  transient  and  could  therefore  be  used  as  a  flat  coupling 
device  from  i  to  25  me  if  the  test  function  contained  these  frequencies. 
Although  the  analysis  in  Figure  40  is  only  carried  out  over  a  13  db 
range  data  has  shown  that  this  analysis  could  be  carried  out  to  15  me 
with  the  test  function  uescribed  in  Figure  i4a.  The  actual  amplitude 
of  the  transient  across  the  50  ohm  load  in  the  secondary  of  the  current 
probe  could  be  made  as  high  as  17v  peak.  This  is  presently  considered 
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adequate  to  carry  out  transients  analysis  over  tlie  above  mentioned  fre¬ 
quency  range.  It  was  also  found  that  since  the  current  probe  repres¬ 
ented  a  low  reflected  impeuance  in  the  circuit  under  test  (i.e.,  a  low 
impedance  generator)  this  analysis  could  be  carried  out  for  a  range  of 
loads  (test  samples)  from  4  ohms  to  an  open  circuit  over  a  frequency 
range  from  1  me  to  25  me  maintaining  the  transient  amplitude  (peak)  of 
approximately  i7v. 

Tne  results  thus  far  obtained  snow  the  feasibility  of  using 
a  transient  test  function  as  far  as  25  me  in  the  frequency  spectrum. 

Any  fui’ther  advance  in  the  high  end  of  the  spectrum  will  depend  on 
limitations  of  pulse  generators  which  may  be  considered  as  off  the  shelf 
items  > 


V.  TliST  Tj!X:HNiyUES  USING  TkANSIiiNTS  AND 
iiXAMPLiiS  OF  KyUlFMliNTS  TKSTED 

Transient  on  D-C  Power  Lines 


A  d-c  powered  tr.uisducer  power  supply,  Figure  16,  was  known 
to  exhibit  audio  susceptibility  based  on  tests  conducted  in  accordance 
with  MiL-I-26600,  Two  outputs  of  this  transducer  power  supply  were  ex¬ 
amined  to  prove  correlation  between  the  transient  and  sine  wave  tests. 
Because  one  output  had  been  previously  shown  to  exhibit  susceptibility 
in  the  audio  range,  tliis  output  was  examined  in  the  audio  range  using 
a  15  kc  low-pass  filter.  Another  output  was  ex,arained  without  the  filter 
using  the  entire  spectx'um  of  the  transient  which  was  flat  within  3  db 
out  at  100  kc  since  this  output  had  previously  exhibited  no  susceptib¬ 
ility  in  the  audio  frequency  range.  With  the  transient  technique  it 
was  found  that  the  latter  ouput  exhibited  susceptibility  above  the 
audio  range.  This  test  also  showed  the  feasibility  of  extending  the 
range  of  the  transient  test  method  to  150  kc  without  any  change  in 
method  or  equipment. 

The  test  setup  used  in  the  transient  tests  is  shown  in 
Figure  17.  The  test  procedure  using  the  set  up  is  as  follows: 

A.  5^  open  (no  pulse  applied). 

Bo  5^  in  the  1  position. 

C.  Applj  28v  d-c  to  operate  package  under  test. 

D.  5^  closed  (pulse  applied). 

K.  Taue  picture  of  puise  through  filter  at  input  of 
package  under  test. 

F.  open. 

G.  5^  in  2  position. 

H.  closed  (pulse  applied). 

I.  Take  picture  of  pulse  through  filter  at  output  of 
package  under  test. 


216  - 


If  the  photos  in  steps  K  and  I  compare  exactly,  then  at 
least  all  the  frequencies  in  the  pass  band  of  the  filter  are  present  and 
indicate  that  the  pacKage  under  test  could  be  susceptible  in  this 
region.  If  the  waveform  do  not  compare,  an  analog  computer  analysis 
of  the  output  waveform  will  show  the  frequencies  present  or  absent  in 
tne  output  of  the  pacKage  under  test  and  their  relative  amplitudes.  It 
should  be  emphasized  that  a  computer  analysis  might  not  be  required  if 
a  set  of  filters  covering  different  bands  of  frequencies  were  used  in 
that  these  filters  would  outline  banus  of  susceptibility. 

The  two  outputs  of  the  package  in  Figure  16  that  were  inves¬ 
tigated  were  pins  4-10  anu  pins  13-10.  Audio  susceptibility  tests  in 
accordance  with  MIL-1-2660U  were  performed  on  the  package  in  July  1960 
and  Showed  that  pins  4-10  exhibited  susceptibility  in  the  audio  spec- 

of  frequencies.  The  transient  test  was  used  to  check  these  results. 

Tlie  output  waveform  obtained  from  pins  4-10,  or  the  res¬ 
ponse  of  the  package  unaer  test  to  the  input  transient  through  the  15 
kc  filter  is  shown  in  Figure  Ida.  Tiie  waveform  hau  superimposed  on  it 
the  ripple  frequency  or  chopper  frequency  normally  present  at  the  output. 
It  was  found  that  the  waveform  could  be  approximated  by  taking  the 
average  of  tne  ripple  level  because  the  ripple  would  add  only  frequency 
components  at  tne  ripple  frequency.  The  waveform  analyzed  for  fre¬ 
quency  amplitude  content  is  shown  in  Figure  iBb.  Tne  frequency  ampli¬ 
tude  characteristics  of  this  waveform  is  sliown  in  Figure  19  by  curve 

The  data  obtained  from  the  sine  wave  susceptibility  test  and 

contained  in  the  report  previously  mentioned  is  siiown  in  Figure  19  by 
the  curve  +  E^.  As  can  be  seen  the  sine  wave  results  show  a  lev¬ 

eling  out  above  4  kc.  This  was  found  to  be  due  to  the  fact  that  the 
sine  wave  output  plus  the  ripple  was  measured.  Above  4  kc ,  the  only 
voltage  measured  was  the  noimal  ripple  voltage.  A  re-run  of  the  sine 
wave  test  was  performed  using  the  test  setup  shown  in  Figure  20.  In 
this  test  only  the  sine  wave  response  of  pins  4-10  was  measured  for  a 

constant  amplitude  sine  wave  input.  The  results  of  tnis  test  are  shown 

plotted  by  curve  E^^  in  Figure  19.  As  cun  be  seen  the  sine  wave  res¬ 
ponse  anu  ti'ansient  response  compare  cioseiy.  li  should  be  noted  here 
that  aii  responses  were  plotted  with  respect  to  the  peak  response  of 
the  network  in  db  and  all  the  plots  of  Figure  19  are  therefore  in 
relative  amplitudes  at  the  frequencies  shown. 

Eince  pins  i3-iO  sliow  no  susceptibility  in  the  audio  fre¬ 
quency  range  it  was  decided  to  try  the  wliole  spectrum  of  the  transient, 
the  filter  was  therefore  removed  from  the  test  setup  of  Figure  17. 

The  transient  used  is  shown  in  Figure  2ia.  Its  frequency  amplitude 
transform  is  shown  in  Figure  21b.  The  response  of  the  package  under 
test  to  this  transient  at  terminal  13-10  is  shown  in  I'Tgure  21c.  The 
waveform  in  Figure  2ic  was  analyzed  to  obtain  the  frequency  amplitude 
characteristics  and  was  found  to  have  the  spectral  distribution  shown 
in  curve  of  Figure  22.  This  curve  was  checked  using  the  sine  wave 

test  for  a  constant  amplitude  input  as  shown  by  curve  Eqs  Figure 
22,  and  as  can  be  seen  the  sine  wave  test  com, .ares  cioseiy  to  the  tran¬ 
sient  lesuits.  In  tills  particular  test  the  results  were  not  carried 
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beyond  150  kc  because  the  spectrax  aistribution  of  the  transient  used 
in  tlie  test  fails  off  exponentially  after  150  kc«  Tne  sine  wave  test 
was  not  carried  out  any  farther  because  of  the  limitations  of  the  in¬ 
strumentation  being  usedo 

The  results  obtained  above  indicate  that  susceptibility 
testing  could  be  carried  out  to  150  kc  using  the  transient  type  test 
within  the  limitations  of  the  spectral  distribution  of  the  transient 
being  used  in  the  test.  It  should  also  be  noted  that  this  test  would 
not  require  any  added  instrumentation  or  time  since  the  response  wave¬ 
form  of  the  package  unuer  test  would  yield  all  of  the  information 
shown  in  Figure  22. 

The  results  thus  far  obtained  using  transient  techniques 
for  susceptibility  studies  demonstrate  a  definite  merit  in  that  they  can 
be  verified  witn  steady  state  techniques.  Also  shown  is  the  capability 
of  susceptibility  measureiueilts  oVer  an  extendeu  ix'equeiicy  x'ang'e  wituout 
any  additional  instrumentation.  In  general  this  type  of  susceptibility 
testing  would  only  require  knowledge  of  the  spectrum  being  generated 
by  the  pulse  and  an  accurate  Knowledge  of  the  response  waveform  of  the 
network  under  test.  This  waveform  could  then  be  analyzed  to  see  which 
frequencies  contained  in  the  pulse  were  passed  by  the  network  and  in 
tills  way  frequency  bands  of  susceptibility  would  be  known.  It  should 
be  noted  that  both  the  steady  state  analysis  and  the  transient  analysis 
of  ausce><tibility  testa  are  accurate  only  if  the  system  under  tost  is 
linear. 

Transients  on  A-C  Power  Lines 


The  feasibility  of  injecting  transients  on  liSv  a-c  power 
lines  for  the  purpose  of  susceptibility  testing  was  investigated. 

Two  of  the  first  considerations  in  this  investigation  were  at  what 
point  in  the  power  frequency  cycle  to  inject  the  transient  and  if  it 
were  possible  to  inject  a  transient  what  would  be  sufficient  amplitude 
to  yield  the  same  results  (response  of  blacK  box)  as  would  be  yielded 
in  a  sine  wave  test.  The  same  transient  used  to  demonstrate  feasibility 
on  d-c  power  lines  can  be  injected  to  a-c  power  lines,  anywhere  in  the 
power  frequency  cycle  without  changing  the  response  of  the  black  box 
unuer  test.  Since  the  transient  used  on  d-c  power  lines  was  approx¬ 
imately  five  microseconds  in  total  duration,  this  transient  would  oc¬ 
cupy  a  small  time  interval  on  the  power  frequency  cycle  of  qOO  cps 
line  anu  the  slope  of  the  power  frequency  cycle  would  have  a  negligible 
effect  on  the  frequency  amplitude  distribution  of  the  transient.  It 
was  deciued  to  place  the  injected  susceptibility  transient  on  the 
crest  of  each  positive  swing  of  the  power  frequency  to  both  further 
minimize  any  slope  effects  of  the  power  frequency  cycle  and  to  be  able 
to  examine  the  effects  of  maximum  allowable  amplitude  of  the  transient. 
Placing  the  transient  at  tiie  crest  of  each  positive  swing  would  then 
include  the  study  of  any  possible  auverse  effects  in  the  operation 
of  circuits  which  may  be  sensitive  to  voltage  changes  on  115v  a-c  lines 
within  the  range  of  maximum  allowable  rras  power  line  ripple.  Due  to 
tne  sliort  time  duration  of  the  tiansient,  the  allowable  rms  power  line 
1  ip,jle  woulu  never  be  exceedeu  and  maximum  tiansient  amplitude  would 
then  be  a  prime  consiueia t ion.  fhe  concept  for  placing  the  transient 
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at  the  crest  of  each  positive  swing  of  the  power  frequency  cycle  can  be 
seen  in  Figure  23  along  with  the  method  for  viewing  this  transient o 

Figure  24  shows  that  test  circuit  designed  to  inject  tran¬ 
sients  on  il5  V  a-c  lines.  The  circuit  function  is  similar  to  the  one 
designed  to  inject  transients  on  d-c  power  lines  and  mentioned  pre¬ 
viously  with  the  exception  that  an  a-c  charging  source  voltage  is  used. 
Also,  the  triggering  circuit  for  the  SC'ti  is  replaced  by  115v  a-c  of  the 
same  phase  as  that  used  to  supply  power  to  the  load  in  the  circuit  under 
test.  The  package  under  test  was  simulated  with  a  variable  resistance 
for  the  first  investigations.  The  operation  steps  of  the  test  circuit 
are  briefly  explained  below. 

If  -tOO  cps  is  used  the  triggering  ana  charging  voltages 
(V  and  V  )  must  be  of  the  same  phase  as  the  voltage  supplied  to  the 
load.  ® 

A.  det  load  Kj^oad  nominal  vaiue  such  that  no  more  than 

5  amp  is  drawn  through  the  pulse  transformer  (limitation 
due  to  particular  pulse  transformer  used) . 

B.  Adjust  V3  to  115v  rms  ana  monitor  at  VTVM  No.  3. 

C.  Adjust  charging  voltage  Verms  to  nominal  value  below 
50v  rms. 

D.  View  V^  with  CRO. 

K.  Adjust  Vj^  to  rms  vaiue  necessary  to  gate  SCR. 

F.  Adjust  R^  for  minimum  gate  voltage  necessary  to  insure 
100%  gating  of  SCR. 

G.  View  output  transient  V^  and  re-adjust  Verms  to  attain 
desired  amplitude  of  transient. 

The  function  of  Dj^  is  to  supply  only  positive  a-c  voltages 
to  the  gate  circuit  so  that  the  transient  will  be  injected  only  on  the 
positive  crests  of  the  il5v  a-c,  400  cps  swings  and  to  insure  that  no 
appreciable  negative  voltage  will  appear  on  the  gate  of  the  SCR.  The 
purpose  of  xs  to  supply  only  a  positive  charging  voltage  and  to  shut 
off  the  SCR  for  each  naif-cycle.  Rj  is  included  in  the  primary  of  the 
pulse  transformer  to  insure  a  low  impedance  generating  source.  If  R3 
were  not  included  on  each  cycle  when  the  SCR  would  be  shut  off  the 
reflected  impedance  from  primary  to  secondary  would  be  high,  causing 
tne  power  voltage  to  be  oroppied  across  the  secondary  of  the  pulse 
transformer  causing  possible  damage.  The  vai-ious  waveforms  seen  at 
points  circled  in  Figure  24  are  shown  in  Figure  25. 

With  the  test  setup  of  Figure  24  it  was  found  that  the  pxe- 
uicted  transient  was  generated  as  snown  in  Figure  23,  anu  the  location 
of  this  transient  on  the  power  frequency  cycle  could  be  varied  on  the 
positive  slope  from  approximately  BU*  to  UU*.  It  should  be  noted  that 
With  a  i-epetition  rate  of  OU  or  40U  cps  tne  Courier  Integral  analysis 
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of  this  transient  stiil  held  because  the  repetition  rate  of  the  transient 
is  slow  compared  to  the  duration  of  the  transient.  It  was  aiso  noted 
that  ioaa  currents  from  0  to  5  amp.  through  the  secondary  of  the  pulse 
transformer  did  not  affect  the  size  or  shape  of  the  injected  transient 
to  any  noticeable  degree. 

With  the  instrumentation  available  to  perform  sine  wave 
and  transient  tests  on  115v  a-c  lines  it  was  desirable  to  note  the  re¬ 
sults  of  these  tests  on  a  paciiage  unuer  test.  For  the  purpose  of  this 
investigation  a  typical  broadband  amplifier,  McIntosh  Model  MC-60,  was 
chosen  as  a  test  sample. 

The  test  setup  for  the  transient  susceptibility  test  is 
shown  in  Figure  26.  The  procedure  as  outlined  above  was  used  to  inject 
the  transient  into  the  a-c  power  line  to  the  amplifier.  The  input 
transient  measured  aciuss  the  pulse  transformer  is  shown  in  Figuie  27a, 
and  its  frequency  amplitude  distribution  is  snown  in  Figure  27b«  The 
transient  as  it  appeared  at  the  power  input  of  the  amplifier  is  shown 
in  Figure  die  on  top  of  the  60  cps  power  frequency  with  equal  to 
lOv,  The  response  transient  measured  across  the  4  ohm  output  of  the 
amplifier  is  sliown  in  Figure  270.  This  response  transient  was  analyzed 
using  an  analog  computer  and  was  found  to  have  the  frequency  amplitude 
distributed  shown  by  the  aotted  curve  in  Figure  28.  bince  the  in^jut 
transient  has  a  fairly  flat  “frequency  amplitude  distribution  (+  1  ub) 
from  15  cps  to  150  kc ,  the  analysis  was  carried  out  over  this  range  of 
frequencies.  The  analysis  shows  that  frequencies  in  the  audio  range 
are  12  db  below  Higher  frequencies  so  the  analysis  was  discontinued 
below  1  KC. 


With  the  transient  analysis  on  the  amplifier  available,  it 
was  attempted  to  verify  the  transient  derived  outj/ut  r..sponse  using  a 
sine  wave  test  on  the  ii5v  60  cps  power  in,-ut  of  the  amj^lifier  anu  at 
the  same  time  evaluate  the  sine  wave  susceptibility  test  on  the  il5v 
a-c  line  with  a  test  sample  on  the  line.  Figure  26  shows  the  test  set¬ 
up  for  the  sine  wave  analysis.  The  injected  susceptibility  sine  wave 
sine  wave  as  seen  through  tlie  60  cps  notch  filter  was  Kept  at  a  con¬ 
stant  amplitude  of  iOv  peak-to-pe.«K.  The  gain  of  the  ampiifier  was 
Kept  at  a  nominal  setting  (the  saine  as  that  used  in  the  transient  test) 
anu  the  audio  oscillator  feeding  the  amplifiei'  under  test  was  used  as  an 
input  load  with  a  zero  output  setting.  The  response  sine  wave  was  read 
at  the  4  ohm  output  tap  of  the  amplifier  using  an  oscilloscope.  Since 
the  sine  wave  injected  at  tlie  power  input  of  the  amplifier  experienced 
an  overall  attenuation  of  60  db  or  greater  at  the  output  of  the  ampli¬ 
fier,  it  was  difficult  to  read  through  the  nominal  noise  appearing  at 
the  output  of  the  ampiifier.  The  transient  analysis  in  this  case  was 
easier  to  perform  because  the  transient  appeared  at  the  beginning  of 
the  oscilloscope  trace  (the  trace  was  triggered  by  the  transient)  and 
contained  in  it  were  ail  the  frequencies  describing  the  response  of 
the  amplifier  to  the  energy  in  the  susceptibility  transient  on  the 
ilSv  a-c  power  line. 


The  curve  obtained  from  the  sine  wave  data  is  seen  in 
Figure  iid  (soiid  iine).  As  can  be  seen,  the  transient  and  sine  wave 
data  agree  cioseiy.  some  discrepancies  were  noted  on  the  low  frequency 
enu  of  the  banu  but  these  are  attributed  to  the  difficulties  in  reading 
out  the  sine  wave  data.  If  the  susceptibility  sine  wave  voltage  at  the 
power  input  was  increased  above  lOv  peak-to-peak ,  distortion  of  the 
input  sine  wave  was  encountered.  In  this  particular  case,  the  low- 
fxequency  end  of  the  spectrum  could  not  be  exactly  determined  by  the 
sine  wave  test.  Since  the  values  at  the  low  end  of  the  band  in  Figure 
28  are  13  to  It)  db  below  the  150  kc  values,  the  discrepancy  in  this 
portion  of  the  spectrum  was  not  considered  too  serious. 


VI.  POLSE  TECHNIQUE  VS  STEADY  STATE  ANALYSIS 


Present  techniques  used  in  audio  susceptibility  testing  in 
accordance  with  li<IL-I-26600  use  the  3V  ras  open  circuit  secondary 
transformer  voltage  as  a  test  function  and  malfunction  of  the  equip¬ 
ment  in  response  to  this  3V  rms  as  a  failure  criterion.  Although 
arguments  for  and  against  this  type  of  test  have  been  going  on  for  some 
time  no  one  can  actually  argue  its  validity  as  a  test  but  in  the  strict 
sense  of  the  word  "susceptibility”  it  is  a  brute  force  technique.  The 
malfunction  which  would  define  failure  can  occur  for  several  reasons 
such  as,  how  long  an  operator  dwells  on  any  one  frequency,  the  extra¬ 
neous  voltage  drops  within  the  injection  circuit,  how  much  of  the  open 
circuit  vcltage  that  actually  appears  across  the  test  sample  terminals 
and  the  type  of  equipment  under  test.  Therefore,  in  the  strict  sense, 
the  test  should  be  termed  the  Audio  Malfunction  test  since  the  suscep¬ 
tibility  of  the  network  under  test  is  never  really  defined  by  the  teat 
results  and  since  in  most  cases  the  malfunction  is  due  to  a  power 
transfer. 


The  pulse  technique,  however,  offers  a  means  of  rapid 
evaluation  of  any  network  under  test  and  defines  the  transfer  charac¬ 
teristics  of  that  network.  In  defining  the  transfer  characteristics 
frcm  any  power  terminal  to  any  other  two  terminals  in  the  package 
under  teat,  the  susceptibility  of  the  network  is  defined  in  that  the 
presence  of  frequencies  injected  at  the  power  terminals  is  seen  at 
some  end  device.  This  then  defines  the  susceptibility  of  the  end 
device  due  to  frequencies  injected  at  the  power  terminals  and  whether 
or  not  the  device  responds  to  the  frequencies  passed  should  be  examined 
by  the  designer  of  the  equipment.  If  the  end  device  was  a  dc  high 
current  relay,  high  frequency  susceptibility  of  course  would  not  be  a 
consideration,  however,  other  circuits  sensitive  to  high  audio  fre¬ 
quencies  could  be  of  some  concern. 

The  pulse  technique  of  evaluation  could  easily  be  placed 
in  the  hands  of  the  designer  as  an  additional  tool  to  be  used  to 
evaluate  his  design.  The  attainability  of  the  susceptibility  charac¬ 
teristics  of  his  design  would  then  involve  the  simple  process  of 
taking  oscilloscope  pictures  which  could  either  be  evaluated  by  the 
designer  himself  or  could  be  given  to  an  interference  control  group 
for  evaluation.  Because  of  the  inherent  simplicity  of  the  test  and 
equipments  used  in  obtaining  data  this  technique  could  easily  en¬ 
courage  the  consideration  of  susceptibility  in  the  breadboard  stage 
of  a  design  instead  of  considering  susceptibility  of  an  end  item  which 
if  uncovered  can  result  in  cumbersome  supression  requirements. 

The  pulse  technique  also  offers  an  attractive  advantage 
once  a  first  test  sample  of  a  series  has  been  evaluated  in  that 
subsequent  units  manufactured  to  the  same  design  can  be  rapidly 
evaluated  by  comparing  the  transients  response  pictures  without 
actually  performing  the  end  analysis  on  an  analog  computer. 

Another  more  apparent  advantage  is  the  fact  that  the  pulse 
technique  of  evaluation  can  easily  cover  a  frequency  range  from  DC  to 
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upper  frequencies  limited  by  availability  of  pulse  generators  and 
coupling  techniquesii  The  present  gap  from  15  kc  to  150  kc  in  UIL-I- 
26600  can  be  covered  in  this  type  of  investigation  without  the 
cumbersome  addition  of  specially  designed  transformers  and  high  power 
audio  amplifiers^ 

Other  advantages  that  can  be  mentioned  come  under  the 
headings  of  time  savings  and  low  skill  level  requirements.  In  most 
eases  the  test  could  be  performed  by  taking  a  few  polaroid  pictures 
from  oscilloscopes.  The  analysis  portion  on  an  analog  computer  to 
the  present  date  would  take  only  a  few  minutes  on  an  automated  set 
up.  The  present  analysis  technique  at  GS/A  would  allow  an  evaluation 
of  the  Fourier  components  of  a  response  transient  up  to  15  or  25  me 
in  about  5  minutes  or  less,  depending  on  the  resolution  requirements 
of  any  teat. 

VTT,  KIITTIRK  APPLICATIONS  OF  PULSE  TECHNIiJUES 
AND  ANALOG  COilPUTEK  ANALYSIS 

The  pulse  technique  as  applied  to  conducted  suscepti¬ 
bility  measurements  in  this  study  could  also  be  extended  for  usage 
in  radiated  susceptibility  measurements.  It  would  however,  become 
very  difficult  to  determine  what  the  limits  of  the  generated  broad¬ 
band  field  should  be  in  fact  if  limits  to  be  used  in  all  types  of 
susceptibility  testing  continue  to  be  non-existant  or  arbitrary 
perhaps  the  solution  lies  in  using  the  allowed  specification  limits 
for  both  measured  conducted  and  radiated  interference  as  the  amount 
of  conducted  energy  or  radiated  field  any  package  should  be  sub¬ 
jected  to.  If  limits  were  defined  in  this  way  it  would  not  be 
difficult  to  generate  shaped  pulses  with  shaped  spectrums  which 
would  create  the  broadband  specification  limit  whether  conducted  or 
radiated  and  subject  the  package  under  test  to  only  this  amount  of 
energy.  Steps  have  already  been  taken  during  the  course  of  this 
study  to  produce  measured  specification  limits  and  results  show  that 
there  is  feasibility  in  this  approach. 

Inherent  in  this  pulse  technique  is  the  advantage  of 
being  able  to  store  information  in  the  form  of  photographs  and  xy 
plots  which  cover  the  whole  spectrtim  of  interest.  It  is  also 
possible  to  conduct  the  same  type  of  computer  analysis  of  received 
information  by  recovering  data  from  magnetic  tapes  which  forms 
another  method  of  information  storage.  Although  these  methods  have 
not  yet  been  studied  extensively  new  vistas  in  the  use  of  the  analog 
computer  as  an  interference  measurement  and  storage  tool  could  he 
opened  by  investigation  of  the  newer  developments  in  the  fields  of 
magnetic  tape  and  core  memory  storage. 

Some  steps  were  made  to  apply  the  transient  analysis 
techniques  using  analog  computers  to  the  field  of  interference 
measurement  during  the  course  of  this  study.  Of  particular  interest 
was  the  applicability  of  this  type  of  measuring  and  analysis  tech¬ 
nique  to  the  problematic  and  time  consuming  task  of  measuring  the 
broadband  interference  emanating  from  transients  generated  by  slow 
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cycling  equipment  such  as  battery  heater  thermostats  although  the 
technique  applied  in  general  to  all  measurements  made  of  generated 
transients  by  such  devices  as  solenoids  and  switches*  The  results 
of  these  investigations  showed  that  a  very  noted  time  savings  could 
be  achieved  by  taking  oscilloscope  pictures  of  these  occurrences  and 
using  the  analog  computer  technique  to  perform  a  rapid  evaluation  of 
the  spectrum  generated.  For  example  a  battery  heater  thermostat 
tested  cycled  at  the  rate  of  once  every  10  minutes.  The  measurements 
of  the  conducted  interference  to  MIL-I-26B00  specifications  using  a 
current  probe  and  an  NF105  took  on  the  average  four  to  eight  hours. 
Taking  a  picture  of  the  transient  and  performing  the  computer 
analysis  with  other  proven  curve  smoothing  techniques  took  approxi¬ 
mately  15  to  30  minutes. 

It  was  also  found  during  the  course  of  these  investi¬ 
gations  that  an  operator  could  train  himself  in  the  technique  of 
categorising  characteristics  of  transients  in  such  a  way  that  by 
viewing  certain  transient  for  the  first  time  he  could  determine  if 
the  viewed  transient  represented  an  out  of  specification  condition 
for  conducted  broadband  interference.  Using  this  as  a  basis  for  a 
new  technique,  nomagraphs  are  presently  being  investigated  which 
would  allow  an  untrained  observer  to  determine  an  in  or  out  of 
specification  condition  by  merely  noting  characteristics  of  the 
transient  such  as  rise  time,  duration,  amplitude  and  area. 

VIII.  3UUMAHY 

The  results  of  this  investigation  have  shown  that  a 
pulse  with  a  known  spectrum  can  be  used  as  a  tool  to  measure  the 
conducted  susceptibility  of  any  linear  network.  The  use  of  this 
tool  allows  the  injection  of  all  the  frequencies  of  interest  at  one 
set  of  terminals  (28V  DC  power  input  or  115V  AC  power  input  if  using 
MIli-I-2H600)  of  a  package  under  test  simultaneously  and  the  examining 
any  other  two  sets  of  terminals  for  the  response  characteristics. 

The  versatility  of  this  test  technique  does  not  limit  its  usage  to 
only  the  audio  spectrum.  It  has  been  shown  that  techniques  could  be 
applied  in  two  steps  to  cover  the  complete  frequency  range  from  DC 
to  25  UC  thus  representing  a  considerable  time  savings  over  present 
methods  used. 

If  malfunction  remains,  the  criterion  for  specification 
limits  the  pulse  test  technique  could  be  used  as  a  one  shot  test  to 
determine  in  what  portions  of  the  spectrum  an  audio  or  RF  suscep¬ 
tibility  would  exist  and  could  then  be  followed  up  with  tests  using 
present  techniques. 

It  should  also  be  noted  that  the  transient  or  pulse  type 
test  would  more  nearly  represent  the  true  situation  encountered  in 
integrated  weapon  systems.  Experience  in  examining  power  lines  (28V 
DC  and  115V  AC/400)  in  weapon  systems  integrated  at  General  Dynamics/ 
Astronautics  as  common  couplers  of  interference  has  shown  that  at  no 
time  are  pure  sine  waves  encountered  on  these  lines  and  in  almost 
all  cases  erratic  waveforms  and  transients  are  encountered.  It  is 


224  - 


X 


FIGURE  I 


RECTANGULAR  PULSE 

»(t> 


(C)  ■  A  FOR  -  ^  <t 


•  0  OTHERwfsE 
AREA /I  •  At« 


o  jr_  rr  j^r  ztr  zir  att 
2  2 

X  IN  RADIANS  Q(f )>/)(SIN«<)^ 
WHERE«»  irxo-f 


^(t)  =  AeiEXP{~i)^t>  0 

■  O^t  'C'o 
>  2.71828 

AREA/l:  A«t; 


Td' 

-ArnijrTi 

WHEREoi  «  2  TXl'f 


-  226  - 


FIGURE  2 


FIGURE  3 


-  228  - 


WAVEFORM  A 


WAVEFORM  B 


FIGURE  4 


AMPLITUDE  EK 


GAIN  « 


30 


Fig.  5.  Pulse  generating  circuit 
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Fig.  -  .  Frequency  function. 
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Fig.  11.  Transient  and  spectral  distribution. 
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Fig.  15.  Frequency  versus  Amplitude  Response  of 
Transients  in  Figure  39. 
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Fig.  16.  Transducer  power  supply  Model  55-57 


Fig.  ly.  Transient  susceptibility  test  setup. 


Fig.  19.  Sine  wave  and  transient  response  comparison 


Fig.  20..  Sine  wave  audio  susceptibility  test  setup. 


(a)  Amplitude  vs.  Time  Plot  of  Transient  Used  In  Test 

(b)  Frequency  vs.  Amplitude  Plot  of  (a) 

(c)  Response  Waveform  to  (a)  at  Pins  13-10 


Fig.  21,  Frequency  amplitude  characteristics. 
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Fig.  22.  Sine  wave  and  transient  response  comparison 


e 


Since  the  peak  positive  swing  reaches  98%  of  it's 
peak  value  in  80°  the  max.  time  available  to  inject 
the  pulse  at  the  peak  of  the  swing  is: 

X  2.5  msec.  =  140  usee. 

Viewing  the  transient  on  top  of  the  400  cps  then 
consists  of  using  an  oscilloscope  sweep  rate  of 
10  usee. /cm  which  makes  the  transient  appear 
to  be  impressed  on  an  approximately  horizontal  axis  as 
axis  as  pictured  below. 


(b) 


Fig.  23.  Transient  at  crest  of  positive  swing. 
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Fig.  26.  Transient  test  on  audio  amplifier. 
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Fig.  28.  Frequency  response  characteristic  of  McIntosh  Model  MC-60  power  amplifier  to  sinusoidal 
and  transient  susceptibility  test  functions  on  the  a-c  power  line. 


I .  INTRODUCTION 


Analog  methods  of  reducing  a  function  of  time  into  its 
sinusoidal  components  have  been  used  for  some  time  at  our  installa¬ 
tion.  During  the  last  year,  however,  the  number  of  persons  who 
have  shown  interest  in  this  problem  has  been  on  the  increase.  This, 
we  feel  is  due  in  part  to  our  knowledge  of  the  subject,  but  mostly 
to  the  fact  that  more  people  are  feeling  the  need  for  computer 
methods  to  do  spectrum  analysis. 

The  purpose  of  this  paper  will  be  two-pronged.  First, 
an  attempt  will  be  made  to  show  where  these  problems  arise  and, 
second,  a  description  of  some  of  our  instrumentation  will  be  given. 

Our  instrumentation  of  the  transform  equations  using  the  Convolution 
theorem  is  one  point  that  will  be  covered  in  detail. 

To  begin  we  will  define  the  Fourier  Spectrum  and  explain 
its  meaning  in  a  way  which  we  have  found  convenient  although  heuristic. 

The  Fourier  Spectrum  of  a  periodic  function  (defined  as 
one  which  has  been  in  existence  forever  and  which  will  continue  to 
be  present  forever)  is  generally  described  by  a  single  cycle  of  the 
wave.  An  infinite  amount  of  source  energy  is  implied  and  the  repre¬ 
sentation  also  contains  infinite  energy  if  any  energy  is  used  during 
a  single  cycle. 

The  method  is  as  follows:  a  periodic  function,  i.e., 

f(t)  =  f(t  +  n'T'),  -  00<n<00  (1) 


where  n  is  an  integer  may  be  decomposed  into  an  infinite  sum  of 
sinusoids 


f(t) 
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c  +  V 


ajjsin 


Z-rr  k 
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27^  k  ^ 
cos  -=> -  t 


(2) 


by  application  of  the  formulas. 


and 
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(5) 
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This  expansion  is  possible  since  the  integral 


k7? 


SIS  n 


t I  P  1  sin  m  t  T 

J  Lv^  J 


dt  + 


nit' 


(6) 


where  n  and  u  are  integers.  In  other  words,  by  assuming  that  f(t) 

is  periodic  and  given  by  the  sun  (2),  it  is  possible  to  use  (6)  to 

obtain  equations  (4)  and  (5)  for  the  coefficients  a^^  and  b  .  An 

artifice  is  used  to  obtain  the  offset,  C  ,  *  ^ 

’  o’ 


/ 


sin  nt 


dt 


2W' 


/ 


*7: 


cos  nt  dt  =  0;  n  0 


(7) 


Another  way  of  stating  Equation  6  is  to  say  that  the 
set,  sin  n  t  ,  is  orthogonal  over  any  range 2  tt*  +  T»  •  ^4/^ 

is  a  normalizing  constant  to  make  the  set  ortbonomal. 

f(t)  according  to  Equation  3  consists  of  a  d.c.  compon¬ 
ent  plus  sinusoidal  compqpents  at  discrete  frequencies  =  2  k» 

A  plot  of  the  magnitude  of  the  sinusoids  is  often  plotted  T' 
as  a  function  of  frequency  and  is  called  a  spectrum  plot.  The 
magnitude  at  frequency  2  V  k  is 

.  /2j51kx  /2  .2 

A  (  ^ 

A  plot  of  phase  angle  vs  frequency  is  also  sometimes 
made.  The  phase  angle  is 

0  =  tan“^  %  (9) 

A  spectrum  of  the  square  wave  in  Figure  la  is  shown 
in  Figure  lb. 

The  Fourier  series  is  not  applicable  to  non-periodic 
functions.  It  is  modified  by  a  limiting  process  to  the  form: 

+  00 

F(cO  )  =  J*  f(t)  dt  (10) 

-OO 

so  that  the  spectrum  is  now  a  continuous  function  of  frequency, CO  . 
This  is  in  contrast  to  the  periodic  functions  discrete  spectrum. 

F( CO  )  is  a  complex  variable  representing  the  amplitude 
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and  phase  of  sinusoids  at  the  frequencies  co  .  If 


00 

J*  f(t)^dt 
-00 


(11) 


is  finite,  in  other  words  if  f(t)  were  the  voltage  across  a  resis¬ 
tance,  the  power  dissipated  in  that  resistance  would  be  finite, 
then  each  sinusoidal  component  in  F(to  )  must  have  zero  amplitude. 

This  means  that  the  infinite  spectrum  of  a  finite  energy 
transient  consists  of  an  infinite  nvimber  of  sinusoids  packed  with 
infinite  density  along  the  axis  with  each  sinusoid  having  zero  ampli¬ 
tude  but  having  different  magnitudes  relative  to  one  another. 

The  energy  of  the  approximation  must  be  the  same.  If 
f(t)  is  considered  to  be  the  voltage  across  a  1-ohm  resistor,  the 
squared  spectrum,  jF(j  <o  )|“  vsCJ,  is  the  energy  density  spectrum, 
a  direct  indication  of  the  energy  dissipated  in  the  one  ohm  resistor 
as  a  function  of  frequency. 

The  area  under  the  cuxnre  between  and  COg  is  pro¬ 
portional  to  the  total  energy  of  all  frequencies  within  these  limits. 
The  total  energy  is  proportional  to  the  total  area  under  this  curve: 


+  00 


00 


^  =  r  f(t)^dt  =  ~  y*  iF(jco)f 
- *00  -00 
For  example:  the  transient  defined  as 
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has  a  spectrum 


F(J  03  )  =  1 


a  +  j  cO 

jF(jOJ  f  =  _ 1 


2  2 
a  +03 


(14) 


then 


00 


00 


e  dt  = 


-rr  2 


loOa^ 


doJ  =  1 

2a 


(15) 


256  - 


The  spectruai  of  the  square  pulse  of  Figure  2a  is  shown 
in  Figure  2b. 


XI.  TKANSIENT  ANALYSIS 

Transients  can  arise  both  naturally  and  by  being  forced 
in  all  physical  systems.  Their  form  may  be  energy,  potential,  dis¬ 
placement,  velocity,  thermal,  electrical,  mechanical,  etc.  They  may 
be  functions  of  time  or  even  of  a  time  independent  variable  although 
time  dependency  is  the  most  common. 

The  reasons  for  decomposing  transients  into  a  sum  of 
known  functions  are  varied.  Ones  which  have  come  into  our  labora¬ 
tory  in  the  last  few  months  have  been 

1)  Determination  of  the  energy  spectrum  of  a  transient 
received  on  an  antenna  and  recorded  on  an  oscillo¬ 
graph  recording  so  that  an  optimum  (signal/noise) 
filter  can  be  designed. 

2)  Determination  of  the  spectrum  of  a  magnetic  tran¬ 
sient  resulting  from  a  physical  experiment  where 

it  was  expected  that  currents  taking  circular  paths 
were  causing  the  magnetic  transient.  The  spectra 
then  tells  how  much  current  was  flowing  at  each 
radius. 

3)  Determination  of  the  input  voltage  spectra  and  out¬ 
put  voltage  spectra  of  linear  networks  to  determine 
interference  susceptability  of  the  networks.  This 
appears  to  be  a  problem  in  a  production  area.  It 
will  be  discussed  in  greater  detail  for  this  reason 
later  in  the  paper. 

4)  Determination  of  the  amount  of  fundamental  which  is 
present  at  the  output  of  a  non-linear  filter. 

5)  Determination  of  the  frequency  characteristics  of 
various  linear  transducers  as  prerequisite  to  build¬ 
ing  inverse  filters.  This  will  also  be  discussed  in 
greater  detail. 

6)  Determination  of  the  input  and  output  spectrum  of  a 
very  low  frequency  filter  to  determine  the  filter 
characteristics.  Steady  state  methods  were  imprac¬ 
tical  because  of  time  required  -  frequencies  were 
.001  to  1  cps  and  measurement  time  was  two  hours 
per  filter. 

All  of  the  transients  were  supplied  to  us  as  curves  or 
as  actual  transient  voltage  vs  time.  In  all  cases  we  converted  the 
data  to  voltage  vs  time  infonuation.  If  an  analog  solution  is  per¬ 
formed,  this  data  is  used  directly.  If  a  digital  computer  solution 
is  required,  analog  to  digital  converters  are  used  and  the  point  data 
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is  stored  in  digital  memory. 

The  above  list  of  six  items  is  only  a  sampling  of  the 
ways  in  which  the  problem  arises.  Other  situations  are  listed  in 
the  literature:  for  which:  see  the  accompanying  bibliography. 

At  this  point  we  will  discuss  problem  types  3  and  5 
which  involve  finding  the  frequency  characteristics  of  a  linear 
system  between  two  input  terminals  and  two  output  terminals. 

Figure  3  gives  some  idea  of  the  types  of  systems  which 
generate  this  problem.  Note  that  energy  form  transformations  may 
take  place  inside  the  system. 

The  systems  of  Figure  3  have  one  thing  in  common.  They 
distort  the  source  data.  Sometimes  this  distortion  is  desirable  - 
improving  signal  to  noise  ratio.  Sometimes  it  is  undesirable  -  the 
thermal  inertia  of  a  thermocouple  metering  a  high  speed  temperature 
change. 


These  distortions  can  be  of  two  types:  linear  and  non¬ 
linear.  Simply  put,  the  difference  between  a  linear  and  a  non¬ 
linear  distortion  is  this:  the  output  level,  of  a  linear  system 
is  linearly  proportional  to  the  input  level  (even  though  they  don't 
look  the  same)  whereas  the  output  level  of  a  non-linear  system  is 
not  linearly  proportional  to  the  input.  A  large  number  of  systems 
are  linear  or  at  least  are  nearly  linear  over  some  range  of  input 
levels.  Linearity  of  a  system  can  be  checked  empiMcally  by  in¬ 
creasing  the  drive  and  seeing  if  the  form  of  the  output  remains  the 
same  and  proportional  to  the  input  level. 

The  effects  of  linear  distortion  can  be  removed  by 
placing  an  Inverse  filter  in  the  instrumentation  chain.  The  inverse 
filter  has  the  exact  opposite  frequency  effects  of  the  system. 

That  is,  ideally  it  should  have  the  opposite  effect.  Certain  limi¬ 
tations  enter,  usually  either  reliability  criteria  or  noise  problems. 
Figure  4  shows  the  effect  of  a  sluggish  system  on  data.  This  problem 
is  amenable  to  solution  by  Fourier  Spectrum  analysis. 

The  effect  of  a  pure  non-linear  distortion  can  be  re¬ 
moved  by  building  a  non-linear  black  box  which  again  does  the  oppo¬ 
site  thing  from  the  system.  For  example,  if  the  system  squares  the 
source  values,  the  black  box  square-roots  the  system  output  and 
this  output  is  then  a  faithful  representation  of  the  input.  This  is 
shown  in  Figure  5.  This  will  not  be  covered  further. 

The  analysis  and  synthesis  of  black  boxes  which  produce 
both  linear  and  non-linear  distortions  is  beyond  the  scope  and 
purpose  of  this  paper.  A  method  is  mentioned  by:  Norbert  Wiener, 
Nonlinear  Problems  in  Handom  Theory,  The  Technology  Press  of  MIT  and 
John  Wiley  and  hons,  Inc.,  N.  Y.,  pgs.  97-100. 

The  first  problem  in  describing  the  frequency  character¬ 
istics  of  a  system  is  generally  the  instrumentation  of  a  physical 
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test  of  the  systen.  Sone  systems  can  be  solved  theoretically. 
These  will  not  concern  us  especially  since  the  number  that  cannot 
be  solved  is  by  far  the  majority. 


If  the  source  can  be  made  to  present  a  sinusoidal  drive 
to  the  system  then  the  frequency  effect  of  the  system  is  the  ampli¬ 
tude  and  phase  shift  between  input  and  output.  The  system  gain  then 
has  two  values: 


AiCO  )  =  amplitude  gain 


output  sinusoid  magnitude 
input  sinusoid  magnitude 


(16) 


0  (GJ^)phaBe  shift  =  shift  (output- input)  in  degrees. 


of,  in  complex  variable  terms,  the  complex  gain  is 


G(CJ  ) 


A  e^^'^o 
o 


A^e^<*  i 


i  CO  t 

e 

^ico  t 


(17) 


where  Ai  and  A^  are  the  input  and  output  levels  respectively  and 
0^  and  0^  are  their  phase  angle,  e^ ^  ^  is  the  unit  sinusoid  which 
ceuicels  in  the  equation. 

G(  CJ  )  is  then  plotted  as  a  function  ofco,  and  is  the 
frequency  response  of  the  system. 


The  steady  state  method  is  often  impractical  because 
mechanical  or  thermal  sinusoids  are  not  always  readily  available. 

Transients  are  generally  available.  These  are  used  in 
the  second  method  to  obtain  the  curve  G(  )  vs  C.^ .  The  philosophy 
here  is  as  follows:  a  transient  is  composed  of  an  entire  spectra 
of  sinusoids.  If  the  amplitude  and  phase  of  these  sinusoids  are 
known  for  both  the  input  and  the  output  transient  then  in  the  same 
sense  as  the  steady  state  case,  the  system  frequency  response  is 
known.  Thus,  if  an  input  transient  has  a  spectrum  I(CO  )  and  the 
output  spectrum  is  0(cO  ),  then  the  system  gain  is: 


The  single  transients  contain  all  the  frequency  data, 
both  amplitude  and  phase,  for  all  frequencies  present  in  the  input, 
transient.  Zero  content  of  a  set  of  frequencies  at  the  input  leads 
to  an  indeterminate  gain  value  at  those  frequencies. 

The  transient  method  is  instrumented  as  follows: 


1)  The  input  of  the  system  is  forced  with  a  transierit 
which  is  know  or  which  can  be  recorded  faithfully.* 


'Faithfully  can  be  taken  to  mean  that  the  recorder  may  cause  linear 
distortion  but  that  this  distortion  is  known  and  can  and  will  be  re¬ 
moved  by  inverse  filtering. 
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2)  The  output  of  the  system^  a  transient  is  recorded 
faithfully.* 

3)  These  transients  are  then  resolved  into  their  spectral 
components  by  computer  methods. 

4)  The  complex  gain  of  the  system  is  the  quotient  of 
the  output  spectra  divided  by  the  input  spectra. 

In  other  words,  the  spectra  are  divided  at  each 
frequency. 

III.  COMPUTER  METHODS  OF  FINDING  THE  FOURIER  SPECTRUM 


The  frequency  domain  representation  of  a  transient 
f(t)  is  given  by  Equation  10,  The  alternate  form  is 


F(CO  ) 


f(t)  cos  CJ  t 


dt 


f(t)  sin  CO  t  dt 


(19) 


This  is  a  form  amenable  to  solution  on  either  analog 
or  digital  computers  when  is  treated  as  a  constant.  If  f(t) 
is  a  simple  enough  transient  it  can  be  expressed  mathematically  and 
an  analytic  solution  is  possible.  We  haven't  found  enough  of  these 
to  recommend  trying  to  find  an  expression  for  f(t),  although  the 
method  is  valid  and  can  be  used  for  approximating. 


The  phase  response  of  this  transient  is 
-00 

J*  f(t)  sin  cO  t  dt 


CJ  )  B  tan 


-1  -00 


OO 

-sC 


)  COB  CO  t  dt 


(20) 


and  the  amplitude  response  is 


These  are  computed  for  values  of  in  an  range 
specified  by  the  requirements  of  the  analyses. 


Both  trapezoidal  rule  and  Weddle's  rule  integration 
have  been  used  to  evaluate  e(CO  )  and  A(cO  )  on  the  digital  computer 


‘Faithfully  can  be  taken  to  mean  that  the  recorder  may  cause  linear 
distortion  but  that  this  distortion  is  known  and  can  and  will  be  re¬ 
moved  by  inverse  filtering. 
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after  digitalizing  f(t).  This  reaulted  in  good  accuracy  for  band 
limited  transients  where  the  sampling  rate  is  at  least  twenty  times 
the  maximum  frequency  using  the  trapezoidal  rule  or  ten  times  when 
using  ffeddle's  rule. 

Analog  methods  using  active  computer  elements  have 
been  found  to  be  sufficient  or  more  than  sufficient  for  most  of 
the  transient  computations  which  we  have  had.  The  analog  solutions 
have  been  comparable  with  digital  solutions  when  using  transients 
recorded  by  oscilloscopic  photographs.  They  have  been  more  than 
comparable  when  using  perfect  data  when  the  digital  sampling  rate 
was  too  low,  i.e.,  non-band  limited  or  just  plain  not  enough  samples. 

A  variety  of  digital  integration  schemes  are  available 
in  books  on  numerical  analysis.  J.  M.  Salzer  described  a  method 
by  which  these  schemes  can  be  analyzed  in  the  frequency  domain  so 
that  an  intelligent  choice  of  sampling  rate  may  be  made. 

A  brute  force  and  a  filter  scheme  have  been  used  to 
reduce  transients  on  the  analog  computer.  In  the  brute  force  method, 
shown  in  Figure  6,  equation  19  is  solved  by  integrating  the  product 
f(t)  sin  t  and  f(t)  cos  t  over  the  interval  in  which  f(t)  is 
non-zero  and  resolving  the  vector  relation  into  terms  of  A  and  6 
with  a  servo  resolver. 

Frequency  limitations  and  other  errors  in  forming  the 
f(t)  sin  t  and  f(t)  cos  t  product  somewhat  limited  the  accuracy. 

The  filter  method  is  a  by  product  of  the  filter  con¬ 
volution  theorem  (appendix  A)  which  states  that  the  output  of  a 
filter  which  has  an  impulse  response  of  h(t)  to  an  input  f(t)  is 


0(t)  = 


f(  r  )  h(t  -  r  )  dT 


or  at  zero  time  is 


f(  r  ) 


r  )d  T . 


This  is  identical  to  equation  19  if  h(-  7^  )  is  made  to  be 
sin  Ca)  t  (cos  CO  t)  and  if  f(t)  is  zero  for  all  positive  time. 


Now  the  requirement  of  f(t)  being  zero  for  all  positive 
time  seems  like  an  unrealistic  type  of  restriction  since  most  tran¬ 
sients  don't  begin  until  zero  reference  time.  It  isn't  a  strict 
requirement  though.  Most  transients  can  be  shifted,  f(t  +  a)  or 
mirrored  about  the  t  =  0  axis,  f(-t),  so  that  they  have  zero  value 
for  all  positive  time. 


26 1  - 


A  shift,  as  shown  in  Figure  7,  causes  the  phase  angle 
of  the  spectrum  to  vary  proportionally  to  frequency  and  has  no 
effect  on  the  spectrun  amplitude. 

A  mirroring  about  the  t  s  O  axis  changes  the  spectrum 
to  its  conjugate.  The  amplitude  response  is  not  changed  but  the 
phase  angle  now  has  a  negative  sign  in  front.  See  Figure  7. 

Figures  8  and  9  show  the  ways  in  which  a  transient  can 
be  reduced  to  its  spectrum  using  analog  components.  Circuits  8 
and  9  can  be  used  interchangeably  when  the  phase  angle  is  not  of 
importance. 


For  computation,  the  transient  may  be  generated  by  either 
an  analog  function  generator,  or  if  the  time  relations  are  acceptable, 
the  data  from  the  source  is  wired  into  the  machine.  An  automated 
set-up  which  plots  A(60  )  vs  CO  by  incrementing  cO  was  used  to  plot 
Figure  10,  the  response  of  a  imit  height  rectangle  of  1  second 
duration.  Figure  12  shows  the  schematic  of  the  automated  system. 

Several  pulse  forms  have  useful  properties.  For  ex¬ 
ample,  the  spectrum  of  a  short  pulse  of  unit  area  approaches  a 
constant  value  for  all  frequencies.  >  A  pulse  of  width  b  has  a  spec¬ 
trun  sin  eeb  which  is  constant  to  within  Z%  up  to  a  frequency  2 
2  CO 

of  2  Tr  cps.  This  is  useful  because  it  eliminates  the  division 
10  b 

operation  of  Equation  18.  The  output  spectrum  is  the  spectrum  re¬ 
sponse  of  the  system  if  the  input  spectrum  can  be  called  flat  over 
the  range  of  interest. 

Of  course,  many  other  short  pulses  can  be  used  in  the 

sane  way. 


The  step  function  has  a  spectrum  given  as  1 _  1 

jco  ‘ 

Division  of  the  output  spectrun  by  the  input  spectrum  is  simply 
done.  Also,  this  function  is  probably  the  easiest  of  all  to  gen¬ 
erate. 


IV.  SIMULATION 

In  order  to  take  advantage  of  the  theoretical  concepts 
previously  stated  an  automated  computer  program  was  prepared  and 
patched.  Different  computers  nay  require  different  sequencing  or 
special  external  sequencing  nay  be  more  practical. 

First  a  block  diagram  in  Figure  11  will  be  explained, 
then  an  explanation  will  be  made  of  Figure  12  which  is  a  detailed 
analog  computer  diagram. 

There  are  several  ways  that  a  real  tine  function  may  be 
recorded  in  real  time  and  then  played  back  in  computer  time.  The 
ratio  of  the  recording  time  to  the  play  back  time  is  called  a  scaling 
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factor.  One  method  requires  the  use  of  a  scope  camera  (preferably 
a  Polaroid).  The  sweep  rate  of  the  oscilloscope  becomes  the  re¬ 
cording  time.  After  developing  the  picture  the  area  above  the  scope 
trace  is  cut  out  and  the  photo  is  used  in  a  pbotoformer  function 
generator.  The  time  base  t  drives  the  photoformer  whose  output 
f(t)  is  in  computer  time.  Other  function  generators  can  be  used. 

The  important  thing  is  that  the  function  f(t)  is  synchronized  in 
some  sense  with  the  time  base  t.  Examples  other  than  the  photo- 
former  are:  DIODE  function  generator,  tape  recorders,  and  oscillo¬ 
scopes  equipped  with  display  scanners.  If  an  oscilloscope  that  is 
equipped  with  a  display  scanner  is  used  the  time  base  t  drives  the 
horizontal  sample  rate.  Oscilloscopes  so  equipped  are  generally 
used  for  recording  the  functions  appearing  on  the  cathode  ray  tube's 
face  on  a  x-y  recorder.  The  y  output  of  the  display  scanner  is  the 
time  scaled  function.  Therefore,  the  sweep  rate  is  the  real  time 
and  the  time  base  t  is  computer  time. 

The  time  base  t  also  determines  when  the  coefficient 

computing  box  labeled  0^  -jco  t,.  v  •  .  •  .  .  ^  w 

T  f(t)  e  "  dt  begins  to  integrate  and  when 

-00 

it  terminates.  The  time  base  also  determines  the  time  at  which  to 
plot  the  computed  coefficients. 

The  to  base  determines  the  coefficient,  CO  ,  of  trans¬ 
formation  ^  f(t)  *dt  *  function  whose  Fourier  coeffi- 

-00 

cients  decays  at  a  rate  of  ^  then  CO  may  be  used  as  a  multiplier  of 
the  fimction,  i.e.  compute  ^  f(t)  e”^  ^  ^dt  order  that  any  de- 

-00 

viatlon  may  be  detected  from  the  j  spectrum.  The  CO  base  also  con¬ 
trols  the  X  position  of  the  recorder  so  that  a  F(  co  )  ^s  tO  readout 
is  plotted. 


The  right  triangle  symbolizes  a  resolver  used  for  trans¬ 
lating  from  rectangular  coordinates  to  polar  coordinates.  The  pur¬ 
pose  of  this  was  explained  earlier  in  the  test  where 

/2  ^2  .,27r  k, 

\A*K  ‘’K  = 

and 

^,2  TT  k,  ,  -1  a,, 

0(— )  =  tan  ^ 

'  b“  • 

K 

Since  this  resolver  solution  is  essentially  a  static 
measurement  maximum  accuracy  may  be  expected.  One  or  two  recorders 
have  been  used  depending  on  whether  both  phase  and  magnitude  were 
desired;  one  recorder  if  Just  magnitude  is  required.  The  base 
controls  the  x  axis  and  the  resolver  output  controls  the  y  axis  while 
the  time  base  t  controls  the  pin  in  its  up  or  down  write  node. 
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Figure  12  and  the  following  explanation  of  the  sequencing 
logic  demonstrates  an  approach  rather  than  an  optimized  circuit.  An 
enumeration  of  the  sequencing  is  as  follows: 

1.  Integrator  number  one  generates  the  time  base. 

The  Potentiometer  numbered  42  is  an  initial  condion 
for  the  function  generators. 

2.  Comparator  amplifier  number  21  drops  the  recorder 
pin,  energizes  the  hold  buss,  and  provides  voltage 
for  the  sequence  timer. 

3.  Integrator  niueber  two  is  connected  sc  that  its 
normal  switching  functions  are  independent  of  the 
control  busses. 

4.  Comparator-amplifier  number  22  prevents  the  outputs 
from  integrators  11  and  12  from  driving  the  servo 
resolver  before  the  solution  of  the  Fourier  coeffi¬ 
cient  is  found.  This  saves  wear  and  tear  on  the  re¬ 
solver  and  the  x-y  recorder. 

5.  After  comparator  22  allows  the  Fourier  coefficient 
to  be  plotted  comparator  23  lifts  the  recorder  pin 
and  takes  over  the  task  of  a  voltage  to  integrator  2. 

6.  Comparator  24  provides  integrator  three  with  an  ex¬ 
ponential  pulse.  The  output  of  integrator  three 

is  the  frequency  base  •  While  the  value  of 
is  being  changed  comparator  24  is  also  supplying  a 
voltage  to  the  control  buss  which  causes  all  inte¬ 
grators  connected  to  the  conventional  control  buss 
to  change  from  hold  to  reset  mode. 

7.  Comparator  amplifier  number  25  lets  the  computer 
chcmge  trom  the  reset  to  the  hold  condition  long 
enough  for  switching  transients  to  decay. 

8.  Comparator  amplifier  niunber  26  allows  the  computer 
to  start  the  next  computation  cycle  as  well  as  re¬ 
setting  integrator  #2  to  its  initial  condition. 

9.  Comparator  amplifier  number  27  is  an  automatic  shut¬ 
off  so  that  the  computer  will  remain  in  the  reset 
condition  after  the  last  value  of  has  been  com¬ 
puted. 

10.  Comparator  amplifier  28  is  used  to  generate  a  test 
function  that  has  a  known  Fourier  spectrum. 

V.  DISCUSSION 

This  paper  has  been  tutorial  in  nature  and  references 
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were  not  included  in  the  text.  The  number  which  could  have  been 
cited  at  many  points  were  very  large  as  much  of  this  material  has 
appeared  in  text  books  for  many  years.  The  "bibliography"  included 
at  the  end,  although  short,  should  be  of  interest  to  those  wishing 
to  read  further.  References  6  and  7  are  especially  useful  as  they 
provide  additional  examples  in  a  netnod  similar  to  that  presented 
in  this  paper. 
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APPENDIX  A 


USE  OF  THE  SUPEBPOSITION  THEOREM 
FOR  EVALUATING  THE  FOURIER  SPECTRUM 


1.  The  infinite  Fourier  spectrum  of  a  fxmction  f(t)  is  defined 

00 

J*  f(t)  c“^  ^  *  dt 


F(«)  = 


or  alternately 


00 


oo 


F(CO )  s  f(t)  cos  ClJ  t  dt  -i  ^  f(t)  sintOt  dt 

-00  -oo 


/ 


This  nay  be  evaluated  directly  using  either  analog  or  digital 
methods  by  Integrating  the  products  f(t)  cosoit  and  f(t}  sinoJt 
over  the  range  in  which  f(t)  has  a  non  zero  value> 

A  simpler  analog  method  exists,  however,  which  eliminates  multipli¬ 
cation  and  integration  in  favor  of  filtering. 

2.  First,  consider  the  effects  of  modifying  the  function  f(t)  by  shift¬ 
ing  it  to  be  f(t  +  a)  or  inverting  it  so  that  it  mirrors  itself 
about  the  t  «  0  point  i.e.,  f(-t).  The  reason  for  this  is  that  the 
transient  needed  for  the  analysis  must  be  zero  for  all  positive  tine. 


Consider  a  shift  first:  By  definition, 

oo 


F(cO) 


■  / 

-00 


f(t)  dt 


For  the  shifted  function, 


oo 


F  (CO)  =  /  f(t  +  a)  e 

s 


•j  oo  t 


-OO 


«  e 


J  oj  a 


7 


dt 


du 


This  equals  e 


j  oj  a 


F(W) 
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Thus,  a  shift  in  the  origin  of  f(t)  results  in  a  phase  shift  in  its 
spectrum  which  is  linearly  proportional  to  frequency.  If  phase 
relations  arc  not  of  interest,  the  shifted  spectrum  amplitude  is 
identical  to  the  original.  In  any  case,  nothing  is  lost  and  correc¬ 
tions  for  shift  are  simple  to  make. 


Next,  consider  a  reversal  in  direction;  by  definition, 

oo 


F^(CJ) 


/ 


f(-t)e"^“* 


dt 


-OO 


oo 

=  ^  f(u)e^^  **  du 

-00 

or  if  F(«  )  =  A  +  i  B 

then  Fg(CJ)  =  A  -  1  B  =  fTcST 

The  amplitudes  are  the  seme  at  all  frequencies  but  the  phase  is 
inverted. 


In  general,  transients  may  be  shifted  or  reversed  so  that  they  have 
zero  value  for  either  all  negative  time  or  all  positive  time.  The 
Fourier  spectrum  then  can  be  one-sided,  i.e., 


F(£0) 


/ 

-o 


f(t)e"^^^  dt 


See  Figure  1. 

The  Superposition  Theorem  which  relates  the  output  of  a  filter  to 
its  input  is  derived  from  the  impulse  response  of  the  filter.  The 
input  to  the  filter  is  assumed  to  be  broken  into  a  succession  of 
elementary  rectangular  pulses  applied  at  intervals  ofA’T'  along  the 
time  axis.  Each  of  these  pulses  when  applied  to  the  system  produces 
an  elementary  response,  the  sum  of  these  responses  being  the  output. 
As  the  interval  length,  is  made  to  approach  zero,  the  response  pro 
duced  approximates  the  impulse  response  of  the  filter  to  a  greater 
and  greater  degree. 

If  the  Impulse  response  of  a  filter  is  g(t)  when  the  impulse  is 
applied  at  zero  time,  it  is  g(t-nAT  )  if  the  impulse  is  applied  at 
a  time  equal  to  nA'T'.  The  height  and  width  of  the  nth  pulse  are 
f(n  )  and  aT  respectively  where  f(t)  is  the  input  function.  Thus 


-  267  - 


the  elementary  response  caused  by  the  rectangle  at  time  naT* 
is  f(n  AT  )A'r  g(t-n  AT  ). 

The  response  at  any  time,  t,  is  considered  to  be  the  limit  of  the 
sun  of  all  the  elementary  rectangles  applied  between  -oo  and  t  as 
0,  i.e.,  the  output,  h(t),  is: 


h(t)  «  lim  f(  T  )/17'  g(t-n  4T) 

T  =n  aT  =  -oo 

where  n  aT  is  adjusted  so  that  as  aT  decreases,  the  value  of  n 
increases  so  that  the  product  remains  at  a  fixed  time,  T  o 


The  limit  is; 

h(t) 


t 

/ 

-OO 


fCT') 


(t-T)  dT. 


For  the  purpose  of  obtaining  the  Fourier  spectrum,  we  will  evaluate 
the  integral  at  t  =  0,  i.e.,  zero  time. 


h(0) 


J  f(r)  g  (-  r  )  d’r . 

-00 


With  the  forcing  function  reversed  from  its  normal  direction  in  time 
this  becomes 


h(0) 


00 

I 


fpCT'  )  g(-r)  dT. 


h(0) 


00 


r  vT)  g(T) 


The  weighting  function  or  impulse  response  of  the  filter,  g(*^),  is 
made  to  be  cos  s*’ t  in  one  case  and  -i  sinoi>t  in  the  other  so  that 
the  output  is  given  as 


h(0) 


00  .  00 

fjj('  )  cos  /*  fn(T”)  Bxa  coTiT. 


X 


X 
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Thus,  to  suumarize: 

1.  The  output  of  a  coscot  filter  driven  by  a  function  which 
is  zero  for  all  positive  time  and  evaluated  at  zero  time 

is  the  same  as  the  real  coefficient  of  the  Fourier  spectrum 
of  the  same  function  reflected  about  the  zero  time  axis. 

2.  The  real  part  of  the  spectrum  of  the  reflected  function. 
Thus,  reflecting  or  not  reflecting  the  function  is  not  im¬ 
portant  to  a  cosine  filter. 

3.  The  output  of  a  -sincot  filter  driven  by  a  function  which  is 
zero  for  all  positive  time  and  evaluated  at  zero  is  the  same 
as  the  imaginary  coefficient  of  the  Fourier  spectrum  of  the 
same  function  reflected  about  the  zero  axis. 

4.  The  isiaglnary  part  of  the  spectrum  of  a  function  is  the 
negative  of  the  imaginary  part  of  the  spectrum  of  the  re¬ 
flected  function.  Thus,  reflecting  the  function  merely 
changes  the  sign  of  the  imaginary  part. 

5.  Use  of  a  sincot  filter  instead  of  a  -sinCAlt  filter  and  not 
reflecting  the  spectrum  are  compensating  operations. 


4.  Analog  Instrumentation  of  the  sincot  and  coscot  filter  is  straight 
forward.  Figures  6,  8  and  9  show  three  methods  of  reducing  a 
transient  which  is  defined  as; 


P(t) 


t  -C  0 

0  <  t  <2 

t  >2 


The  first  method.  Figure  8,  is  the  brute  force  method.  The 
transient  is  simply  multiplied  by  sincot  and  coscot,  the  product 
is  integrated,  and  a  resolver  is  used  to  determine  the  magnitude 
and  angle  of  F(CO). 


The  second  method,  Figure  8,  is  to  reverse  the  direction  of  f(t), 
play  it  into  the  sinco  t  and  coscot  filters  and  throw  the  computer 
into  hold  at  the  zero  time  of  the  transient.  The  resolver  is  used 
as  in  the  first  method.  The  revised  transient  is  defined  as; 


/o  t  >  0 

f(-t)  ={40  +  20t  -2.^:  t^O 

\o  t  <-2. 

The  third  method,  Figure  9,  is  to  shift  f(t)  by  two  seconds  so  that 
it  is  zero  for  all  positive  time.  Filter  two  would  not  find  the 
spectrum  of  the  shifted  function  but  rather  would  find  the  spectrum 
of  a  transient  which  was  the  mirror  of  the  shifted  function  about 
the  zero  time  axis.  That  is,  it  would  find  the  spectrum  of  a 
function  defined  as; 


^69  - 


f(t) 


t  <  0 

04:  t  <  2 
t  >  O 


=  /20t 

Vi 

This  transient  contains  both  a  shift  and  a  reversal  and  would 
thus  be  modified  as: 


^SR  ^ 


2j«A> 


e 

F  (  CO  ) 


The  conjugate  is  removed  by  using  a  weighing  function  of  ■»'  sin  cot 
instead  of  -sincot.  This  is  the  only  difference  between  filter 
three  and  filter  two.  The  angle  2  is  subtracted  by  the  resolver 
as  shown  in  Figure  3. 

Note  that  the  spectrum  magnitude  fimction  is  not  a  function  of  the 
direction  or  time  of  occurance  of  the  transient.  The  phase  is 
affected  but  can  be  corrected  so  that  the  read-out  value  is  for  a 
transient  going  in  the  desired  direction  and  originating  at  a  given 
time. 


The  advantages  of  methods  2  and  3  over  the  conventional  method  1 
are: 

1.  Multiplier  limitations  do  not  enter  the  problem. 

2.  The  amount  of  equipment  is  decreased  by  about  50%. 

3.  More  accurate  results  are  obtained. 
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Figure  7. 
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Figure  11. 
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THREE  DIMENSIONAL  QUANTIZED  ANTENNA  PATTERN  MODEL 


L.  E.  Silverman,  J.  J,  Krstansky  and  H,  M.  Sachs 
Armour  Research  Fovmdation 
Chicago,  Illinois 


Abstract.  -  This  paper  discusses  the  construction  of  a  three  dimensional 
quantized  model  for  antenna  radiation  patterns  for  the  purpose  of  analysis 
aind  prediction  of  interference.  Construction  of  the  model  depends  upon 
the  observation  that  while  antenna  patterns  exhibit  a  high  degree  of  irreg- 
xilarity,  these  irregularities  appear  as  oscillations  about  several  power 
levels.  The  amin  beam  is  treated  separately.  The  model  is  a  quantized 
version  of  the  true  pattern  and  is  represented  as  a  unit  radius  sphere  with 
the  direction  of  the  radius  vector  being  the  direction  of  power  flow  from  the 
antenna.  Antenna  statistics  are  obtained  from  the  model  of  a  symmetricad 
antenna  using  several  methods.  Relative  accuracy  of  the  model  statistics 
on  an  arbitrary  selection  of  quantized  levels  is  determined.  The  study 
indicates  that  the  statistical  representation  is  relatively  insensitive  to 
the  method  used  to  quantize  the  analog  pattern.  Arbitrarily  quantized  pat¬ 
terns  yield  useable  results  for  interference  prediction  purposes. 

A  three  dimensional  quantized  model  based  on  the  asymmetric 
cosecant  squared  antenna  patterns  is  also  described  and  evaluated  by  com¬ 
parison  with  experimental  data. 

I.  INTRODUCTION 

Any  practical  interference  prediction  technique  must  include  the 
storage  of  antenna  pattern  characteristics  in  sufficient  detail  to  satisfy  the 
analysis  requirements.  If  several  antennas  are  involved  this  may  result 
in  a  prohibitive  or  impractical  quantity  of  data.  Either  the  exact  or  a  sim¬ 
plified  description  of  a  given  cut  through  the  pattern  could  be  used  in  the 
prediction  process,  or  the  gain  statistics  (the  likelihood  or  probability  of 
the  power  density  being  at  a  particular  value)  as  represented  by  the  cut 
might  be  used.  Many  cuts  could  be  taken  through  the  three  dimensional 
antenna  pattern  in  an  attempt  to  gain  an  insight  into  the  nature  of  the  pat¬ 
tern. 


Ordinarily,  a  considerable  amount  of  data  collection  is  necessary 
to  describe  the  three-dimensional  antenna  characteristics.  In  addition,  a 
problem  often  arises  as  to  how  the  collected  data  should  be  stored  and  pro¬ 
cessed  to  provide  meaningful  information  relative  to  interference  analysis. 
Another  problem  is  concerned  with  the  number  of  patterns  needed  to 
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adequately  describe  the  three  dimensioned  radiation  characteristics  of  a 
typical  antenna.  Since  the  three  dimensioned  patterns  need  to  be  repeated 
for  a  number  of  frequencies  including  harmonic  and  spurious,  it  seemed 
desirable  to  investigate  techniques  of  reducing  the  amount  of  anedog  infor¬ 
mation  to  be  obtained  or  required  to  be  stored. 

The  technique  to  be  described  indicates  a  method  to  obtain  three 
dimensional  statistical  information  of  antenna  patterns.  It  is  based  on  the 
collection  of  a  minimum  amotmt  of  analog  antenna  pattern  data,  reducing 
the  analog  Information  to  digital  information  and  the  processing  of  this 
digital  information  onto  a  three  dimensional  model  from  which  the  statis¬ 
tical  results  may  be  abstracted.  The  model  is  concisely  described  In  digi¬ 
tal  form. 

n.  STATISTICAL.  TRKATMENT  OF  INDIVIDUAL.  PATTERNS 

Evaluation  of  a  generalized  three  dimensional  antenna  pattern 
model  was  performed  using  data  that  wis  available  from  measurements  on 
a  cosecant -squared  dish  antetma  (reflector -feed  horn  type).  The  coordinate 
system  used  in  this  discussion  is  shown  in  Figure  1.  The  X-axis  corresponds 
to  the  axis  of  the  dish  and  passes  through  the  main  beam.  The  X-Y  plane 
corresponds  to  the  plane  of  zero  elevation  antenna  pattern.  To  correlate 
the  model  predictions  with  the  actual  experimental  data  spherical  coordi¬ 
nates  were  used  but  with  different  designations.  The  azimuth  angle  taken 
from  the  main  beam  is  denoted  byo<  the  elevation  angle  at  zero  azimuth  is 
called  ^  ,  and  the  co -latitude  will  always  be  denoted  by  8. 

Measurements  of  the  cosecauit-squared  antenna  were  taken  with 
the  antenna  at  various  aspects  to  the  receiver.  For  the  purpose  of  con¬ 
struction  of  the  model,  only  two  aspects  of  the  dish  were  of  interest,  as 
measured  by  Eg.  The  vertical,  or  elevation  pattern  corresponds  to 
Eg,  0=0*;  and  Eg,  0  =  90*  corresponds  to  a  horizontal,  or  azimuth 
pattern.  These  patterns  were  analyzed  and  quantized  using  the  following 
method. 


Analog  patterns  were  reduced  to  diglt2il  data  by  determining 
relative  amplitude  of  the  pattern  at  two  degree  intervals.  All  readings 
were  corrected  for  any  difference  between  zero  db  reference  on  the  record¬ 
ing  paper  and  the  actual  recorded  peak.  Thus  ail  digital  data  were  in  db 
relative  to  zero  db  peak  amplitude  (main  besun).  Since  the  patterns  were 
recorded  in  two  steps  in  order  to  have  a  dynamic  range  of  approximately 
60  db,  the  overlap  of  the  second  (lower)  pattern  with  the  top  part  of  the 
first  was  determined  and  the  digital  data  from  the  second  pattern  was 
corrected  to  db  relative  to  zero  db  peak.  The  corrected  digital  data  was 
used  to  madee  a  scaled  plot  of  the  antenna  patterns. 


Figure  2  is  a  scaled  plot  of  the  zero  elevation  pattern  for  the 
cosecant-squared  antenna  =  0).  It  is  reasonably  symmetrical  about 
the  main  beam.  The  first  method  used  to  quantize  the  pattern  was  the 
10-db  quantization  technique.  One  determined  the  portion  (in  degrees) 
of  the  pattern  which  exceeds  specified  levels.  The  levels  were  arbitrarily 
chosen  as  10  db  steps.  One  finds  the  angular  amount  of  time  that  each  10  db 
level  was  exceeded,  and  quantizes  that  amount  at  the  five  db  level  above 
the  one  from  which  the  information  was  obtained.  Thus  the  main  beam  will 
be  quantized  at  5  db  and  levels  will  progressively  decrease  in  10  db  inter¬ 
vals.  By  this  quantizing  procedure,  if  a  low  relative  power  density  occurs 
close  in  to  the  main  beam,  the  10  db  quantized  levels  will  not  show  this 
lower  level  where  it  actually  occurs  but  will  have  it  show  up  in  some  angular 
region  farther  away  from  the  amin  beam.  Since  only  the  probability  statis¬ 
tics  are  concerned,  this  should  not  cause  an  appreciable  error  for  the 
particular  pattern  analyzed,  but  as  discussed  later,  an  error  in  the  three 
dimensional  pattern  model  will  be  incurred  with  this  particular  method  of 
quantization.  Figure  3  shows  the  10-db  quantized  azimuth  pattern.  The 
quantized  levels  were  balanced  to  present  a  symmetrical  quantization. 

Figure  4  is  a  plot  of  the  azimuth  antenna  pattern  given  in  Figure  2, 
but  both  sides  of  the  pattern  in  Figure  2  have  been  averaged  to  give  one 
pattern  which  can  be  analyzed.  The  second  method  of  quantization  is  to 
determine  angular  regions  where  oscillations  tend  to  take  place  and  then 
roughly  estimate  by  eye  the  level  of  oscillation,  taking  into  account  any  large 
positive  or  negative  fluctuations.  The  main  beam  was  considered  as  extend¬ 
ing  to  that  angle  where  power  was  3  db  down  from  the  main  lobe  peak;  hence, 
the  main  beam  is  quantized  at  3  db.  This  method  of  quantization  causes 
ambiguity  between  different  observers  doing  the  quantizing  since  one  can 
choose  different  angular  bounds  and  different  power  density  levels  than 
another  observer.  Although  this  is  true,  it  has  been  found  that  slight 
differences  in  range  and  amplitude  of  quantization  yield  similar  results 
when  compared  to  experiment^llly  obtained  statistics,  Wlien  a  more  exact 
method  of  averaging  the  power  levels  is  used  to  determine  the  amplitude  at 
which  to  quantize,  it  is  found  that  the  more  tedious,  time  consuming  exact 
method  yields  results  which  differ  from  the  more  arbitrary  coarse -grain 
quantization  by  at  most  4-5  db  in  the  worst  cases  encountered.  In  many 
prediction  techniques,  this  degree  of  accuracy  may  easily  be  tolerated. 

This  method  of  quantization  does  have  an  advantage  over  the  10  db  quanti¬ 
zation  method  in  that  lower  levels  of  oscillation  appearing  close  to  the  main 
beam  are  accounted  for  in  the  position  where  they  actually  occur  by  the 
very  technique  used  to  quantize  the  pattern. 

Figure  5  shows  the  derived  quantized  pattern  obtained  by  the 
arbitrary  quantizing  technique  described  above.  Note  the  difference  in  this 
quantized  pattern  from  that  shwon  in  Figure  3  in  that  the  levels  do  not  pro¬ 
gressively  decrease  but  tend  to  follow  the  true  pattern  more  closely,  though 
with  far  fewer  power  levels  used  to  describe  the  pattern  characteristics. 
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Figure  6  shows  the  asymmetrical  elevation  pattern  for  zero 
azimuth  (o^  =  0).  The  10  db  method  of  quantization  of  this  asymmetrical 
pattern  proceeds  in  the  same  straightforward  maimer  as  for  the  symmetri¬ 
cal  patterns  previously  described.  The  10  db  quantized  version  of  this 
pattern  is  shown  in  Figure  7.  For  the  second  method  of  quantization, 
arbitrarily  by  eye.  the  asymmetrical  pattern  cannot  be  averaged  on  both 
sides  of  the  main  beam.  The  quantization  into  arbitrary  levels  about 
oscillation  levels  is  done  using  the  entire  pattern  amd  angular  bounds  are 
determined  on  each  side  of  the  main  beam.  Figure  8  shows  the  quantized 
pattern  determined  by  arbitrary  decision  on  the  asymmetrical  elevation 
pattern.  In  Figure  7  the  relative  power  level  successively  decreases  as 
one  proceeds  away  from  the  main  beam.  In  Figure  8  the  saune  is  true  for 
one  side  of  the  pattern  but  the  other  side  has  a  dip  near  the  main  beeun  which 
is  similar  to  that  encountered  in  the  true  pattern  shown  in  Figure  6. 

FoUwoing  the  quantization  of  the  analog  anteima  patterns,  the  gain 
statistics  or  the  cumulative  probabilit>  density  function  is  derived.  The 
cumulative  probability  density  function,  that  is,  the  probability  that  a 
relative  power  density  is  less  than  or  equal  to  some  value  of  relative  power 
density  versus  that  value  of  relative  power  density,  was  plotted  for  both 
methods  of  quantization  and  compared  with  data  obtained  from  the  original 
patterns.  The  angvilar  amount  of  time  the  pattern  is  less  than  or  equal  to 
a  certain  power  level  is  plotted  versus  that  relative  power  level.  A  step 
function  curve  is  obtained  where  straight  line  segments  connecting  mid¬ 
points  is  used  to  approximate  the  step  curve,  aind  hence  the  actual  statis¬ 
tics. 


Figures  9  and  10  show  the  gain  statistics  derived  from  the  quan¬ 
tized  patterns  using  both  techniques  of  quantization  for  the  azimuth  and 
elevation  patterns,  respectively.  The  crosses  are  the  values  measured 
from  the  actual  antenna  pattern.  It  is  seen  that  the  maximum  error  is  about 
four  db  at  the  worst  point  in  the  azimuth  pattern.  The  straight  line  segments 
deviate  from  the  measured  values  due  to  sharp  changes  in  slope  occurring  in 
the  pattern  quantization.  Figure  10  for  the  elevation  pattern  has  more  steps 
quantized  and  thus  the  measured  data  come  extremely  close  to  the  derived 
gain  statistics.  It  is  obvious  that  in  the  limit  the  more  quantized  levels  one 
has,  the  more  the  pattern  which  is  quauitized  approaches  the  actual  measured 
pattern  and  the  derived  gain  statistics  will  approach  the  actual  measured 
gain  statistics. 

m.  CONSTRUCTION  OF  THE  THREE  DIMENSIONAL,  ANTENNA  MODEL 

The  three  dimensional  quantized  antenna  pattern  model  is 
represented  as  a  unit  radius  sphere  with  the  direction  of  the  radius  vec¬ 
tor  being  the  direction  of  power  flow  from  the  antenna.  Various  regions 
of  the  sphere  are  assigned  a  single  power  density  level  corresponding  to 
the  levels  about  which  pattern  oscillations  occur.  At  the  main  beam  peak, 
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at  unit  radius,  the  power  level  will  be  designated  as  zero  db,  and  all  other 
levels  are  relative  power  density  levels,  relative  to  zero  db. 

Polar  Coordinates  Representation  of  Model 

Two  methods  of  representing  the  antenna  model  sphere  were  used. 
The  first  method  investigated  was  to  plot  the  quantized  patterns  for  the  two 
orthogonal  cuts  on  polar  coordinates  (both  patterns  in  the  same  plane).  For 
the  model  under  discussion,  this  is  illustrated  in  Figure  11.  The  azimuthal 
pattern  is  represented  by  the  negative  sloped  plot  and  the  elevation  pattern 
is  illustrated  by  the  positive  sloped  plot.  To  form  a  mental  image  of  the 
three  dimensional  quantized  model,  one  must  mentally  rotate  the  elevation 
cut  90“  to  a  position  orthogonal  to  the  azimuth  cut.  A  plane  view  of  the 
model  is  shown  in  Figure  12. 

Having  established  the  quantized  antenna  pattern  model  in  this 
fashion,  one  can  then  obtain  the  quantized  great  circle  cuts  at  any  elevation 
angle  _+  90*.  For  example,  on  the  elevation  cut,  assume  that  the  quantized 
great  circle  cut  for  an  elevation  angle  of  20“  is  desired  (antenna  main  beam 
pointing  20“  above  0“  elevation).  From  Figure  11,  the  20“  elevation  angle 
line  (dotted)  is  seen  to  intersect  the  quantized  elevation  pattern  at  the  25  db 
level.  For  a  20“  great  circle  cut,  therefore,  the  azimuth  pattern  would  be 
quantized  from  the  25  db  level  as  indicated  in  Figure  13  as  dotted  lines. 

The  straight  line  antenna  statistics  approximation  is  then  drawn  from  the 
20  db  level  through  the  midpoints  of  the  quantized  pattern.  A  similar  pro¬ 
cedure  is  followed  for  the  40“  and  60“  elevation  angle  cuts  except  that  since 
the  elevation  pattern  is  first  intersected  at  the  35  db  level,  the  azimuth 
pattern  is  quantized  from  35  db  as  shown  by  the  solid  heavy  line  in  Figure  13. 
Again,  the  straight  line  approximation  is  shown  as  a  heavy  solid  line  through 
the  midpoints  of  the  quantized  pattern.  A  similar  procedure  was  used  to 
establish  the  0“  elevation  quantized  pattern  and  approximation  shown  as  a 
light  solid  line  in  Figure  13. 

Measured  gain  statistics  were  obtained  from  the  experimental 
data  by  determining  the  percentage  of  time  (in  degrees)  that  a  gain  level 
was  exceeded  directly  from  the  analog  patterns.  This  data  was  obtained 
in  one  db  increments  of  gain.  The  straight  line  approximations  shown  in 
Figure  13  were  than  compared  to  the  fine  grain  antenna  gadn  statistics 
obtained  from  the  measured  analog  patterns  for  these  same  elevation  cuts. 
The  results  of  this  comparison  are  shown  in  Figure  14.  The  data  in  this 
figure  are  plotted  as  cumulative  probability  distribution  functions.  The 
0“  elevation  cut  statistics  and  the  straight  line  approximation  are  shown 
as  extending  from  0  db  relative  gain  level.  The  maximum  error,  occurring 
at  the  sharp  break  in  statistics  between  -20  and  -30  db,  appears  to  be  on 
the  order  of  4  db,  while  the  average  error  for  the  remainder  of  the  curve 
is  about  1  db.  The  20“  elevation  angle  cut  starts  at  approximately  -20  db 
and  the  order  of  magnitude  of  the  errors  is  about  the  same  as  for  the  zero 
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elevation  pattern  statistics.  The  40*  and  60*  elevation  cuts  begin  at  about 
-30db  and  be  about  2  l/2  db,  primarily  because  no  sharp  breaks  occur  in 
the  actual  statistical  curve. 

These  results  look  promising,  especially  since  they  were 
obtained  by  a  rather  crude  approximate  model  constructed  in  an  arbitrary 
fashion.  The  statistics  obtained  from  the  straight  line  approximations  fit 
reasonably  well  over  considerable  portions  of  the  curve.  The  mzudmum 
and  average  errors  involved  seem  quite  compatible  vdth  most  anticipated 
interference  prediction  technique  accuracies. 

Certain  aspects  of  the  application  and  utility  of  a  model  such  as 
has  been  desribed  should  be  kept  in  mind.  Because  of  the  fact  that  exact 
azimuthal  or  elevation  gain  levels  and  their  precise  location  have  been 
lost  in  this  10-db  quantized  model,  the  application  of  this  model  is  restricted 
to  antennas  rotating  at  a  reasonably  constant  speed.  In  addition,  the  manner 
in  which  the  antenna  patterns  were  quantized  limits  the  application  of  the 
model  primarily  to  azimuthal  great  circle  cuts  at  arbitrary  elevation  angles. 

This  is  true  because  azimuthal  gain  vs.  azimuthal  amgle  information  has  not 
been  retained  in  the  model.  This  can  be  verified  by  noting  that  the  side  lobes 
near  the  main  beam  are  of  lower  gain  than  some  of  the  lobes  in  the  spillover 
region  in  the  actual  patterns  while  the  quantized  patterns  do  not  indicate  this 
particular  feature  of  the  patterns.  Although  this  does  not  affect  azimuthal 
great  circle  cut  statistics,  it  would  have  a  bearing  on  statistics  of  elevation 
great  circle  cuts.  It  is  obvious  that  more  complex  antenna  models  can  be 
constructed  to  retain  the  azimuthal  location  vs.  gain  feature  to  overcome 
this  limitation.  In  fact,  a  more  generadized  model  was  investigated  which 
shows  promise  of  providing  considerable  more  flexibility  regarding  the 
manner  in  which  it  is  employed  to  obtain  gain  statistics  of  arbitrary  receptor 
positions  relative  to  the  model  center. 

Rectangular  Grid  Representation  of  Model 

In  order  to  provide  a  more  general  model,  the  second  method  was 
to  lay  out  the  quantized  levels  of  the  azimuth  and  elevation  patterns  on  a 
rectangular  plane  view.  It  should  be  kept  in  mind  that  the  plane  view  is 
simply  a  convenient  method  of  showing  power  levels  and  is  not  a  mapping  of 
a  sphere  onto  a  plane  technique.  The  quantized  azimuthal  levels  were  laid  out 
along  the  abscissa  with  X  =  0  =  main  bcEun,  and  the  quantized  elevation  levels 
were  laid  out  along  the  ordinate  with  Y  =  0  =  main  beam.  The  original  lay¬ 
out  was  made  utilizing  full  360*  data  (jt  180*  from  0*)  for  both  elevation  and 
azimuth  patterns.  The  boundaries  of  each  gain  level  were  projected  vertically 
for  azimuth  gain  levels  and  horizontally  for  elevation  gain  levels  to  the 
point  where  similar  gain  boundary  levels  intersect,  forming  a  rectangle  for 
each  particular  quantized  gain  level.  In  the  case  where  patterns  were  quantized 
in  10  db  levels  the  intersections  are  unizue;  however,  when  arbitrarily  quantized 
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levels  were  used,  the  intersections  must  be  formed  by  boundaries  of  gain 
levels  which  were  similar  and  the  gain  level  assigned  to  the  rectangle  would 
be  the  average  of  the  two  gain  levels.  The  range  of  values  in  azimuth  and 
elevation  gain  levels  should  be  approximately  the  same  average  db  level. 

The  ranges  may  extend  between  different  angular  bounds  on  the  azimuth  and 
elevation  patterns.  It  is  not  necessary  for  all  regions  to  include  both 
azimuth  and  elevation  points.  Thus,  if  the  azimuth  pattern  exhibits  a  level 
unrelated  to  a-ti  elevation  pattern  level,  the  region  can  be  defined  for  the 
azimuth  pattern  with  no  corresponding  region  for  the  elevation  pattern. 

An  example  of  a  typical  plane  view  of  gain  levels  is  shown  in 
Figure  15  for  10  db  quantization.  This  model  is  based  on  the  patterns  of 
Figure  Z  (azimuth)  and  Figure  6  (elevation)  which  were  quantized  in  10  db 
steps  as  shown  in  Figures  3  and  7,  for  the  cosecant-squared  antenna.  In 
the  form  shown  in  Figure  15  the  model  displayed  redundant  and/or  overlapping 
information  and  was  not  in  a  form  needed,  that  is,  in  a  spherical  coordinate 
system.  In  order  to  process  the  model  shown  in  Figure  15  into  the  required 
form,  the  following  steps  were  taken: 

1.  The  angles  shown  on  the  ordinate  were  limited  to  -90*  and  +90* 
so  that  the  horizontal  line  at  the  top  of  the  model  represents  the 
upper  pole  of  the  model  sphere  and  the  lower  horizontal  line  repre¬ 
sents  the  lower  pole  of  the  model  sphere. 

Z.  The  gain  levels  in  the  region  between  i;  90°  and  j+  180° 
elevation  and  0°  to  ^  90*  in  azimuth  were  analyzed  to  determine 
which  portions  of  the  data  in  the  90*  to  180°  azimuth  were  over¬ 
lap  sections  and  the  necessary  gain  level  corrections  were 
determined.  For  example,  in  Figure  15,  the  gain  level  for  -90° 
to  -98°  elevation  over  the  0*  to  90*  azimuth  is  -35  db;  there¬ 
fore,  this  level  occurs  in  the  back  portion  of  the  sphere  (from 
+  90*  to  180°  to  -90*  azimuth)  over  an  elevation  angle  from  -90° 
to  -82°. 

The  application  of  these  two  steps  to  the  configuration  of  Figure  15 
results  in  the  final  model  configuration  for  the  10-db  quantization  method 
which  is  shown  in  Figure  16.  In  the  final  model,  which  represents  a 
sphericcil  coordinate  system,  the  various  gain  levels  were  laid  out  in  plane 
view  as  shown.  In  this  model  an  elevation  cut  at  a  given  angle  is  represented 
by  the  horizontal  line  at  the  angle  and  the  quantized  levels  can  be  determined 
directly.  The  antenna  gain  statistics  can  be  determined  from  the  quantized 
pattern  by  the  straight  line  approximation  technique  discussed  earlier. 

Similarly,  a  great  circle  cut  in  elevation  at  a  given  azimuth  angle, 
that  is,  a  meridian  great  circle,  is  represented  by  two  vertical  lines,  one 
at  the  azimuth  angle  {o()  of  the  intersection  of  the  great  circle  with  the 
0°  azimuth  line  within  the  90°  -0*  -90’  sector.  For  example,  a  great 
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circle  in  elevation  at  -  60*  would  be  a  vertical  line  at  =  60*  and  one 
at  oC  =  120*.  The  intersections  of  these  two  lines  determine  the  quantized 
levels  for  this  particular  cut  and,  again,  gain  statistics  can  be  approximated. 

A  similar  technique  was  used  to  model  the  arbitrary  quantization 
of  the  same  patterns.  Figures  2  and  6,  quantized  versions  Figures  5  and  8. 
The  model,  in  this  case,  became  slightly  more  complicated  as  shown  in 
Figure  17  which  is  the  360*  x  360*  plane  view  of  the  preliminary  model. 

Note  that  the  gain  levels  are  more  variate  and  the  gain  level  rectangles 
are  not  necessarily  concentric  as  in  the  10  db  quantized  level  case.  Essen¬ 
tially  the  same  procedure  of  determining  gain  level  overlap  was  used  to  con¬ 
struct  the  final  model  of  the  arbitrarily  qucuitized  gain  levels  as  shown  in 
Figure  18.  It  should  be  noted  that  this  model  may  be  somewhat  more  realistic 
in  that  gain  level  versus  azimuth  angle  has  been  more  faithfully  retained  in 
this  model  than  in  the  model  of  Figure  16.  This  model  may  be  treated  in  a 
similar  manner  to  that  described  previously  to  obtain  various  pattern  statis¬ 
tics. 

Non-Meridian  Great  Circle  Representation 

Any  other  great  circle  cut,  other  than  a  meridian  great  circle  cut, 
can  be  described  in  terms  of  spherical  coordinates,  similar  to  the  descrip¬ 
tion  of  great  circle  sailing  around  the  Earth.  The  information  needed  is 
the  elevation  of  the  great  circle  at  the  prime  meridian,  or  vertical  elevation 
at  0*  azimuth  angle  (  =  0),  and  the  angle  along  the  great  circle.  Any 

non-meridian  great  circle  intersects  the  prime  meridian  at  a  right  angle; 
thus  use  can  be  made  of  Napier's  rules  for  the  solution  of  right  spherical 
triangles. 


Figure  19  shows  the  geometry  of  the  problem.  Given  an  elevation 
smgle  y  at  the  prime  meridian  and  an  angle  0,  along  the  great  circle 
starting  at  zero  for  zero  azimuth  and  elevation  ^  .  In  the  figure,  a  great 
circle  is  drawn  through  the  pole  P  which  is  perpendicular  to  the  arc  RN. 

Let  these  arcs  meet  at  point  R.  In  the  right  spherical  triangle  NPR, 

PR  =  col-  ^  =  90*  -  ^  =0 

{where  col-  signifies  colatitude).  Knowing  the  angles  ^  ,  col-  ?  . 
and -4^  R  =  90*  ,  then  angle  P  =  longitude  and  r  =  colatitude  of  the  point  of 
interest  need  to  be  determined.  From  relations  for  right  spherical  triangles: 

sin  (col-  ^  )  =  tan  P  tan  0 

where  P  =  complement  of  P  =  90*  -  P 

sin  (col-  ^  )  =  ctn  P  tan  0 
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sin  0  = 


Thus 


ctn  P  =  sin  (col-  )  =  cos  ^  =  sin  0 

tan  fS  tan  ^  tan  ^ 

P  =  ctn  / cost?  \ 

Thus , 

=  P  =  ctn  ^(cos  ^  ctn  =  azimuthal  angle  of  point  (l) 

of  interest. 


Also,  from  spherical  trigonometry 

ainT  =  cos  ^  cos  0  =  cos  cos  (col-  ^  ) 
Therefore,  cos  r  =  cos  f!  cos  0  =  cos  0  cos  (col-  ^  ) 

0  sin  ^ 

"^(cos  0  sin  ^  ) 


cos  r  =  cos 


r  =  cos 


y  =  90*  -r  =  90*  - 


cos 


(cos  0  sin  ^  )  =  elevation  angle 

at  a  point  of  interest. 


(2) 

(3) 


This  procedure  defines  the  azimuth  angle  ,  Eq.  (1),  and  the 
elevation  angle  Y'-  Eq.  (3),  of  any  point  along  the  great  circle  of  interest 
in  terms  of  known  quantities,  the  elevation  at  the  prime  meridian  and  the 
angle  along  the  great  circle.  Thus  the  great  circle  cut  may  be  projected  on 
the  plane  view  and  the  quantized  levels  may  be  determined  accordingly.  As 
an  example,  a  great  circle  cut  for  ^  =  +  60'  was  calculated  to  find  the 
azimuth  and  elevation  points  of  intersection  of  the  +  60’  great  circle  with  the 
power  density  sphere  both  the  10  db  quantized  model  and  the  arbitrarily 
quantized  model.  These  patterns  are  shown  in  Figures  20  and  21,  respectively. 
The  approximated  cumulative  probability  distribution  for  these  patterns  based 
on  straight  line  approximations  is  shown  in  Figure  22.  The  x  marks  in  this 
figure  are  actual  data  points  obtained  from  the  analog  pattern  for  this  cut. 

The  straight  line  approximation  based  on  the  10  db  quantized  patterns  shows 
a  maximum  error  of  about  2.  5  db  from  the  actual  data  points.  The  arbitrary 
approximation  shows  slightly  greater  error,  on  the  order  of  5  db.  In  both 
cases,  it  appears  that  the  magnitude  of  error  may  be  compatible  with  expected 
prediction  accuracies.  Also,  it  is  interesting  to  note  that  the  more  general 
approach  of  10  db  quantizing,  at  least  in  this  case,  led  to  more  accurate 
approximations. 


IV,  CONCLUSIONS 


The  investigation  of  antenna  models  indicates  that,  based  on  two 
orthogonal  major  cuts  through  the  main  beam  of  an  antenna,  one  in  azimuth 
and  the  other  in  elevation,  a  relatively  simple  three  dimensioned  model  can 
be  constructed  from  which  useful  statistical  gain  information  can  be  obtained 
for  prediction  purposes.  Accuracy  obtained  from  the  model  is  within  five  db 
of  actual  measured  data.  This  appears  to  be  quite  compatible  with  most 
anticipated  interference  prediction  technique  accuracies.  A  refinement  of 
this  technique  to  increase  its  accuracy,  and  incidently  its  complexity,  might 
be  to  have  the  plane  view  consist  of  gain  level  regions  other  thcin  rectangles, 
such  as  circles  or  ellipses,  which  are  probably  somewhat  more  representative 
of  the  true  radiation  pattern  than  rectangles. 
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Abstract.  -  A  description  is  given  of  a  test  facility  for  measviring  the  patterns 
of  microwave  antennas  at  fundamental  and  harmonic  frequencies  in  both  the  Fresnel 
region  and  the  far  field  region.  The  facility  was  calibrated  by  using  standard 
gain  horn  antennas  and  dipole  antennas.  The  effects  of  nearby  objects  are  essen¬ 
tially  negligible. 

The  patterns  and  inpedance  of  an  "L"  band  horn  antenna,  AT-316,  excited 
by  a,  UG-953/u,  waveguide  to  coax  transducer  were  then  measured  as  a  function  of 
distance  fi-om  the  antenna  from  well  into  the  Fresnel  region  to  the  far  field  re¬ 
gion,  The  measurements  were  made  at  three  frequencies  in  the  design  band  and  at 
harmonics  up  to  the  tenth  for  both  horizontal  and  vertical  polarization. 

!Ilxe  antenna  patterns  at  second  harmonic  frequencies  and  higher  showed 
a  break-up  phenomena  which  one  would  eaqpect  theoretically  because  of  the  presence 
of  many  modes  of  propagation  in  the  transmission  system  and  the  exciting  trans¬ 
ducer.  Nulls  as  deep  as  JO  db  below  main  lobe  gain  were  found. 

I.  INTRODUCTION 

Historically,  the  communications  industry  has  been  satisfied  with  an¬ 
tenna  performance  at  one  or  more  frequencies  in  the  design  band  of  the  equipment. 
The  usual  data  requirements  consisted  of  beeun  width  and  patterns  in  the  azimuth 
and  elevation  planes  for  design  polarization,  gain  and  antenna  impedance.  Occa¬ 
sionally  data  on  cross  polarization  gain  was  available.  The  above  data  all  in 
the  antenna  far  field  not  only  exists  (even  though  it  may  be  difficult  to  examine) 
but  is  frequently  required  by  well  written  procurement  specifications. 

Before  the  advent  of  high  equipment  densities,  high  site  densities, 
higher  powers,  more  sensitive  receivers,  larger  emtennas  and  the  recognition  of 
sophisticated  propagation  paths,  interference  was  not  an  apparent  or  real  problem 
and  the  above  mentioned  antenna  data  were  adequate.  Theoretical  antenna  perfor¬ 
mance  was  available,  for  a  few  types  of  aperture  Illumination  and  for  very  simple 
aperture  shapes,  in  the  forward  hemisphere  of  the  antenna,  in  the  far  field  and 
only  in  the  design  band.^  Of  coxirse,  when  required,  experimental  data  could  have 
been  obtained  (but  usually  wasn't)  for  any  situation  if  the  cost  of  acquisition 
could  be  Justified. 

As  the  insidious  natinre  of  interference  was  recognized  and  its  potential 
magnitude  predicted,  it  was  apparent  that  insufficient  data  were  available  on 
antenna  performance  in  the  near  field  and  at  other  than  design  frequency  and  de¬ 
sign  polarization.  Over  the  past  five  year’s  some  of  these  problems  have  been 
examined  and  solutions  are  cirrrently  available.  For  instanee,  for  simple  aper¬ 
ture  shapes  and  illumination,  Fresnel  region  gain^i^  and  power  transfer  data 


between  antennas^  are  now  available,  Antetma  patterns  or  estiisates  of  patterns 
can  now  be  calculated.  In  the  design  band  and  with  reasonable  accuracy,  over  the 
coBiplete  sphere  s;irroundlng  the  antenna.  5 

The  calculation  of  antenna  patterns  at  o'fcher  than  design  frequency  has, 
however,  remained  a  very  difficult  task.  Experimental  data  on  Biii5)le  dipoles, 
dipole  arrays,  and  Disc-cone  antennas  are  currently  available®# This  paper 
describes  the  results  of  e:q)eriment€JL  work  carried  out  on  a  waveguide  horn  an¬ 
tenna.  Its  impedance  and  its  patterns  over  a  ten  to  one  frequency  range  for  both 
azimuth  and  elevation  cuts  and  vertical  and  horizontal  planes  have  been  measured 
as  a  function  of  separation  distance  from  the  antenna,  lyplcal  patterns  are 
shown  and  graphs  of  antenna  gain  as  a  function  of  frequency  presented.  In  ad¬ 
dition,  a  brief  description  is  given  of  the  antenna  pattern  range.  It  must  be 
emphasized  that  the  work  reported  here  is  of  a  preliminary  nature, 

II.  GENEhAL 

Theoretically,  given  an  antenna  and  the  distribution  of  energy,  in  mag¬ 
nitude  and  phase,  over  its  apertvire,  one  can  calc\ilate  the  near  field  and  far 
field  patterns.  In  principal,  however,  this  has  been  done  only  for  simple  aper¬ 
tures  and  aperture  distributions  in  the  design  frequency  band  of  the  antenna. 

At  frequencies  outside  the  normal  band  of  interest,  the  antenna  and  its  trans¬ 
mission  line  system  may  support  higher  order  modes. 

The  presence  of  these  higher  order  modes  in  the  feed  system  of  the  an¬ 
tenna  will  affect  the  aperture  distribution  smd  thus  the  radiation  pattern®  and 
impedance.  Since  the  principle  of  stq)erposition  holds,  one  could  calculate  the 
pattern  resulting  from  each  mode  by  itself,  if  proper  boundary  conditions  can 
be  physically  determined,  and  then  combine  the  individual  results  to  get  a  net 
pattern.  The  above  can  easily  be  done  experimentally  but  only  with  great  dlf- 
fic\ilty  theoretically.  If  one  knew  what  modes  were  present,  the  amount  of  la¬ 
bor  could  be  reduced  considerably. 

The  cutoff  frequencies  for  all  of  the  modes  which  can  propagate  in  the 
WR-650  waveguide  line,  feeding  the  horn  used  in  this  investigation,  are  shown 
in  Table  I,  It  has  also  been  recognized  that  there  may  be  mode  generation  and 
conversion  within  the  horn  Itself  but  no  attempt  has  been  made  to  analyze  this 
effect  at  this  time.  Only  a  few  of  the  modes  shown  in  the  table  will  be  fo\md 
becatise  of  mode  selectivity  in  the  tiansition  between  the  tube  generating  the 
power  and  the  transmission  line9  and  thus  the  number  of  measurements  required 
csm  be  materially  reduced.  In  addition,  in  the  experimental  work,  the  frequen¬ 
cies  at  which  the  patterns  have  been  recorded  were  chosen  so  as  to  avoid  coin¬ 
cidence  with  the  cutoff  frequency  of  any  mode. 

HI.  IMPEDANCE  MEASUREMENTS 

An  "L"  band  exponential  horn  having  an  aperture  of  hi  by  5h  centimeters 
and  a  taper  length  of  95  centimeters.  Figure  1,  was  set  up  in  an  outdoor  area 
free  of  reflections.  Standing  wave  measurements  were  made  at  the  input  to  the 
horn  (WR-650  waveguide)  using  a  coaxial  slotted  line  with  a  UG-955/u  waveguide 
to  coaxial  adapter  and  also  by  using  a  standard  "L"  band  waveguide  slotted  line. 
The  results  obtained  are  shown  in  Table  II. 
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It  can  te  seen  from  the  table  that  1;he  perforceiice  is  setisfactory  with¬ 
in  the  operating  hand  for  both  waveguide  and  coax-waveguide  feed.  Waveguide  mea- 
Burejnenta  were  not  made  at  1000  mc/s  when  using  waveguide  feed  since  a  stretching 
section  was  not  available.  Above  2000  mc/sj  waveguide  VSWR  measurements  were 
not  made  because  of  the  presence  of  higher  order  modes  in  the  slotted  section. 

By  using  a  coaxial  slotted  section,  it  was  possible  to  measure  VSWR  up  to  hooo 
mile  before  higher  order  modes  were  present  in  the  slotted  line. 

These  measurements  Illustrate  that  ing)edance  measurements  are  necessary 
if  one  wishes  to  understand  the  behavior  of  antenna  gain  as  a  function  of  fre¬ 
quency. 


IV.  PAa?Tm  MEWSinfflMENTS 

The  above  mentioned  waveguide  horn  including  its  waveguide  to  coaxial 
adapter  was  used  in  all  of  the  pattern  measurements.  Since  all  measurements  were 
made  with  the  adapter  in  place,  the  results  apply  only  to  this  particular  horn- 
adapter  combination.  The  introduction  of  a  small  length  of  waveguide,  for  in¬ 
stance,  between  the  horn  and  the  adapter  would  change  the  relative  phase  of  the 
various  propagating  modes  and  thus  give  different  results  for  the  patterns. 

The  equipment  set-tq)  usea  for  the  pattern  measvffements  is  illustrated 
In  Figure  2.  The  "L"  band  horn,  which  is  tised  as  the  transmitting  antenna,  was 
mounted  on  a  radar  antenna  rotator  on  a  moving  tower.  The  center  of  rotation 
of  the  antenna  was  located  75  centimeters  behind  the  plane  of  the  aperture  while 
the  height  of  the  antenna  axis  was  2.78  meters  above  the  roof. 

The  movable  tower  is  mounted  on  a  track  so  that  the  distance  between 
the  transmitting  and  receiving  antennas  can  be  varied  up  to  15  meters.  The  mov¬ 
able  tower  with  the  antenna,  rotator  and  signal  generator  is  shown  in  Figure  5. 
The  pattern  site  with  its  track,  movable  tower  and  equipment  shelter  is  shown 
in  Figure  4.  While  a  few  obstacles  axe  visible,  none  of  them  are  closer  than 
four  meters  to  the  antenna  under  test  and  except  for  the  equipment  shelter,  all 
of  them  are  at  least  one  meter  below  the  antenna  axis.  To  check  for  the  possib¬ 
ility  of  reflections,  antenna  patterns  were  recorded  both  with  and  without  ab¬ 
sorbing  material  on  the  obstacles.  Very  little  change  could  he  detected. 

The  receiving  antennas  used  to  probe  and  record  the  radiation  field 
produced  by  the  transmitting  antenna  were  a  series  of  standard  gain  ej^onential 
horns.  These  antennas  were  available  in  pairs  and  their  gains  were  accurately 
standardized  before  tests  were  made.  The  appropriate  receiving  antenna  for  each 
test  frequency  was  mounted  on  a  stationary  wooden  tower.  To  check  for  the  pre¬ 
sence  of  ground  reflections,  the  movable  tower  was  moved  along  the  track  while 
the  field  strength  variation  at  the  receiving  antenna  was  recorded.  Ho  serious 
reflections  were  found  except  at  the  extreme  end  of  the  range  (15  meters).  In 
the  future  this  will  be  corrected  by  raising  the  tower  height. 

A  series  of  patterns  were  recorded  at  each  of  the  following  frequencies: 
1200  me,  1600  me,  2600  me,  3200  me,  lieoo  me,  5000  me,  60OO  me,  7200  me,  8000  me, 
8900  me,  and  9900  me.  At  each  frequency  a  pattern  was  recorded  for  each  compon¬ 
ent  of  the  field  In  both  the  vertical  and  horizontal  planes.  The  entire  set  of 
near  field  measurements  were  of  primary  interest,  some  measurements  were  made 
ln^o  the  far  field  at  every  frequency. 


!I!he  gain  of  the  antenna  was  couipared  to  the  gain  of  the  standard  gain 
horn  in  each  frequency  range.  OSiis  vas  done  by  replacing  the  "L"  band  horn  once 
during  each  series  of  measurement s  with  a  duplicate  of  the  standard  gain  horn 
being  iised  as  a  field  probe.  lEhe  refearence  level  thus  obtained  was  used  as  a  bas¬ 
is  for  comparing  the  maximum  forward  gain  of  the  "L"  band  horn  to  the  gain  of  the 
corresponding  standard  gain  horn.  Ihls  gave  a  reference  level  for  the  entire 
set  of  patterns  recorded  at  each  frequency,  since  the  gain  of  the  recording  sys¬ 
tem  was  maintained  at  a  constant  level  during  any  one  set  of  measurements. 

V.  RESULTS  OF  PATTEEffl  MEASUREMEINTS 

The  patterns  which  were  obtained  at  the  higher  frequencies  were,  as 
mi^t  be  expected,  quite  conplex.  In  general  it  was  found  that  the  forward  beam 
had  broken  up  into  a  number  of  smaller  beams  and  a  considerable  amount  of  cross 
polarization  was  evident.  In  order  to  discuss  these  results  it  is  necessary  to 
arbitrarily  establish  certain  terms  and  definitions.  These  are  given  below  and 
also  illustrated  in  Figure  5. 

Major  Lobe  Any  lobe  within  20  db  of  the  strongest  portion  of  the  pattern, 
and  separated  from  the  rest  of  the  pattern  by  at  least  a  3  db 
minimum. 

Beamwj.dth  The  angular  distance  measured  in  degrees  between  the  most  ex¬ 
treme  parts  of  the  pattern  which  are  above  a  specified  level. 

The  beam  defined  in  this  manner  may  contain  a  number  of  major 
lobes. 

Pain  The  gain  is  measured  relative  to  the  pattern  produced  by  a  stan¬ 

dard  gain  horn.  It  is  defined  as  the  ratio  of  the  field  of  an 
isotropic  radiator  to  the  maximum  field  strength  produced  by  the 
horn  (with  its*  associated  adaptor)  in  a  given  plane  and  for  a 
given  polarization. 

Polarization 

The  polarization  of  the  receiving  antenna  was  used  to  define  the  field 
cojnponent  being  received.  Thus  if  the  receiving  antenna  was  orientated  to  sense 
the  vertical  component  of  the  electric  field,  the  pattern  was  so  labeled  regard¬ 
less  of  the  orientation  of  the  "L"  band  horn.  Since  the  horn  being  measured  was 
rotated  90  degrees  to  measure  the  vertical  radiation  pattern  this  means  that  the 
vertical  component  of  the  vertical  pattern,  for  example,  will  actually  become 
a  horizontal  field  component  when  the  horn  is  in  its  normal  position. 

Gala 

The  gain  of  the  "L"  bsmd  horn  as  a  function  of  frequency  is  plotted 
for  both  vertical  and  horizontal  field  components  for  both  vertical  and  horizon¬ 
tal  patterns  in  Figures  6  and  7.  The  data  contained  in  these  plots  were  taken 
from  the  patterns  recorded  at  a  distance  of  one  meter,  a  distance  within  the  near 
field  in  every  case.  It  is  interesting  to  observe  that  the  gain  remains  surpris¬ 
ingly  constant  over  the  entire  frequency  range.  This  is  in  contradiction  to  what 
one  might  expect  and  \diat  has  been  assumed  in  the  past.^® 


TheoreticaLly,  the  gain  for  the  vertical  component  of  the  horizontal 


pattern  should  be  exactly  equal  to  the  horizontal  component  of  the  vertical  pat¬ 
tern.  She  differences  in  the  two  curves  in  Figures  6  and  7  indicate  either  a 
lack  of  symmetry  in  the  horn  itself,  uneveness  in  the  track,  oi  an  error  introd¬ 
uced  by  incorrect  positioning  of  the  horn  when  the  planes  of  polarization  were 
shifted. 

Beamwidth 


Both  the  3  db  and  20  db  beamwidths  for  all  field  components  in  both 
patterns  have  been  plotted  in  Figures  8  throiigh  11.  As  for  the  gain  curve,  per¬ 
haps  the  most  significant  point  about  these  curves  is  the  remarkable  constancy 
of  the  beamwidths  over  the  wide  frequency  range  explored.  It  is  true,  however, 
that  it  would  be  dangerous  to  assume  that  points  do  not  exist  where  both  the 
beamwidth  and  gain  changes  drastically. 

Patterns 


A  typical  set  of  patterns  is  shown  in  Figures  12  and  13  as  an  illustra¬ 
tion  of  the  behavior  that  may  exist  outside  the  normal  operating  range  of  the 
antenna.  The  breakup  of  the  main  beam  into  a  number  of  narrower  lobes  is  almost 
certainly  the  result  of  the  multimode  excitation  of  the  aperture.  A  logical  fol¬ 
low  up  of  this  type  of  result  might  be  a  mode  by  mode  study  of  the  antenna  at 
a  given  frequency.  This  could  be  done  on  both  an  experimental  and  theoretical 
basis.  In  either  case  the  techniques  to  be  used  seem  rather  obvious. 

A  particularly  interesting  set  of  patterns  were  obtained  at  a  frequency 
of  8  kmc.  It  was  found  that  at  this  frequency,  the  pattern  structxire  of  the  ver¬ 
tical  component  in  the  near  field  was  drastically  different  from  the  far  field 
pattern.  Specifically  it  can  be  seen  from  Figure  12  that  there  is  a  change  from 
a  two  lobe  pattern  to  a  three  lobe  pattern  as  the  separation  increases.  No  ex¬ 
planation  has  been  offered  for  this  effect. 

In  most  cases  very  little  change  in  the  pattern  was  observed  as  the 
antenna  separation  was  increased  beyond  two  or  three  meters.  This  suggests  that 
far  field  conditions  may  be  obtained  at  relatively  close  range.  To  support  this 
idea,  plots  of  field  intensity  in  db  as  a  function  of  antenna  separation  were  made 
for  different  field  components  and  patterns  as  shown  in  Figures  14  and  15.  These 
data  were  taken  from  the  patterns  recorded  and  show  the  maximum  field  strength 
for  each  separation.  The  field  strength  at  one  meter  has  been  used  as  a  refer¬ 
ence  level.  Nearly  all  of  the  curves  approach  a  slope  of  10  db  per  decade  with¬ 
in  a  distance  of  about  three  meters.  This  would  seem  to  suggest  that  the  far 
field  of  the  horn  is  within  this  range. 

VI.  ACCURACY 

In  a  conpanion  paper  "the  Instrvunentatlon  of  the  set-up  used  in  the 
measurements  has  been  described  in  detail."  It  is  shown  that  a  dynamic  range 
of  100  db  was  achieved  and  the  accuracy  of  measurement  was  at  least  as  good  as 
the  standard  attenuator  used,  that  is,  better  than  +  1  db. 

VII.  CONCLUSIONS 

The  results  of  this  preliminary  experimental  investigation  of  the  pat- 
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terns,  gain,  and  lEipedance  of  an  exponential  horn  antenna  suggest  the  foUoving: 

1.  The  gain  is  approximately  constant  up  to  the  7th  or  8th  hamonic  and 
then  increases. 

2.  In  the  vicinity  of  the  7th  harmonic,  the  cross  polarization  gain  becomes 
comparable  vith  the  gain  for  design  polarization. 

5.  The  antenna  beamwldth  is  approximately  constant  up  to  about  the  7th  har¬ 
monic. 

h.  The  number  of  major  lobes  in  the  pattern  changes  as  the  distance  from 
the  antenna  is  increased. 

5.  The  usual  near  field- far  field  criterion,  that  is  distance  >  D^/x,  does 
not  apply  vhen  other  modes  exist. 

The  above  observed  phenomena,  as  previously  mentioned  are  preliminary. 

It  is  now  necessary  to  measure  a  few  more  horns  to  observe  the  statistics  of  gain, 
pattern,  and  polarization.  Futture  plans  include  other  antenna  types  and  other 
feed  arrangements. 
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X  0 


0 

1.82 

3.63 

5.45 

7.26 

9.08 

1 

.908 

2.03 

3.74 

5.52 

7.74 

9.12 

2 

1.82 

2.57 

4.06 

5.75 

7.90 

9.25 

3 

2.72 

3.27 

4.56 

6.08 

8.17 

9.46 

4 

3.27 

4.06 

5.13 

6.53 

8.50 

9.76 

5 

4.56 

4.87 

5.81 

7.08 

8.93 

10.13 

6 

5.45 

5- 75 

6.53 

7.68 

9.43 

7 

6.35 

6.60 

7.30 

8.35 

9.62 

8 

7.26 

7.47 

7.58 

9.08 

9 

8.17 

8.35 

8.93 

9.81 

10 

9.08 

9.25 

9.76 

n 

10 

Table  I.  Table  of  cutoff  frequencies  for  IBnm  5%^  modes.  (Note  that 
for  TM  modes  neither  m  or  n  can  be  zero.) 


Freq.  VSWB  VSWR 


ac/s _ Waveguide  Directly _ Coax-Waveguide  Transition 


1000 

(Line  stretching 

1.7 

section  needed) 

1200 

1.1 

1.1 

1300 

1.07 

1.1 

1500 

1.12 

1900 

1.05 

1.1 

2000 

1.1 

2.1 

2200 

2.6 

2500 

1 

Mode  Conversion 

1.8 

2800 

Present 

6.3 

3000 

3.3 

3100 

2.7 

3500 

8.9 

3900 

j 

3.8 

4000 

\ 

/ 

4.4 

Table  II.  la^iedance  Measurements  On  "L"  Band  Exponential-  Horn 
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FIG.  13 

VERTICAL  FIELD  COMPONENT-  HORIZONTAL  RADIATION  PATTERN  AT  3200  MC 


PREDICTION  OF  THE  FAR  FIELD  OF  PARABOLOID  REFLECTORS  EXCITED 
BY  PLANE  APERTURES  OF  ARBITRARY  FIELD  DISTRIBUTION 


H.  Zucker 

Armour  Research  Foimdation 
of  Illinois  Institute  of  Technology 
Chicago  16.  Illinois 


Abstract.  -  A  transformation  equation  between  the  electric  field  in  a  plane 
feed  aperture  located  in  the  focal  plane  and  the  reflected  electric  field  at  a 
paraboloid  reflector  is  derived.  The  reflector  is  assumed  to  be  in  the  far 
field  of  the  feed  aperture.  The  equation  is  obtained  bv  determinins  the 
incident  electric  field  at  the  reflector  bv  moans  of  the  aperture  field  method, 
and  the  reflected  electric  field  by  assuming  that  the  reflector  can  be  con¬ 
sidered  locally  plane.  The  far  fields  of  the  paraboloid  are  obtained  by 
projecting  the  reflected  electric  field  on  the  paraboloid  aperture  also  by 
using  the  aperture  field  method.  Specifically  the  results  are  applied  to 
a  circular  feed  aperture  by  expanding  the  electric  field  in  the  aperture  in 
terms  of  TE  circular  waveguide  crossectional  mode  components.  It  is 
shown  that  t£i*]?rediction  of  the  far  field  radiation  pattern  of  the  paraboloid 
for  each  mode  reduces  to  the  evaluation  of  single  integrals.  For  a  variety 
of  modes  the  integrals  have  been  evaluated  by  means  of  an  1105  computer. 

I.  INTRODUCTION 

In  the  design  of  paraboloid  reflectors  the  primary  objective  is 
to  generate  an  aperture  illumination  which  wiU  produce  a  desired  radiation 
pattern  at  a  certain  frequency.  However,  the  illuminating  source  usually 
contains  harmonics  and  unharmonlcs  of  the  operating  frequency.  The  radi¬ 
ation  patterns  due  to  the  harmonic  and  unharmonlc  frequencies  will  depend 
on  the  radiation  pattern  of  the  feed.  Of  particular  interest  here  is  to  deter¬ 
mine  the  main  lobe  radiation  patterns  due  to  the  harmonics,  and  if  these 
lobe  patterns  remain  within  the  radiation  pattern  of  the  main  beam  at  the 
operating  frequency.  If  this  is  not  the  case,  a  severe  interference  problem 
may  result  in  directions  outside  the  main  beam.  The  most  commonly  used 
reflector  feeds  are  dipoles,  or  rectangular  or  circular  apertures  consisting 
of  waveguides  or  horns.  A  literature  survey  revealed  that  only  the  radiation 
pattern  of  a  paraboloid  reflector  fed  with  a  short  dipole  has  been  analyzed 
directly.  ^ 


The  analysis  to  follow  is  concerned  with  the  radiation  pattern 
produced  by  the  reflector  when  fed  with  a  plane  aperture  in  the  focal  plane 
of  the  reflector.  It  is  assumed  that  the  reflector  is  in  the  far  field  of  the 
feed  and  there  is  neglibible  reaction  of  the  reflector  on  the  feed.  The  incident 
fields  at  the  reflector  are  determined  from  the  fields  at  the  feed  aperture 
by  means  of  the  aperture  field  method.  The  determination  of  radiation 
fields  of  the  reflector  is  performed  with  the  assiunption  that  the  surface 
current  density  and  the  fields  at  each  point  of  the  reflector  are  the  same 
as  they  would  be  if  the  reflector  could  be  considered  locally  as  a  plane  con¬ 
ductor.  From  the  surface  current  density,  the  radiation  fields  can  be  deter¬ 
mined  by  integration  of  the  radiation  of  the  individual  incremental  current 
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elements.  For  the  paraboloid  reflector  the  fields  that  would  be  obtained 
using  the  current  distribution  method  may  also  be  obtained  with  a  good 
approximation  by  projecting  the  reflected  electric  field  at  the  reflector 
on  the  aperture  of  the  reflector  and  using  the  aperture  field  xnethod  to  obtain 
the  radiation  fields.  The  analysis  below  uses  the  latter  method. 

Based  on  the  above,  a  transformation  eqxiation  between  the 
electric  field  in  the  feed  aperture  and  the  reflected  electric  field  at  the 
reflector  is  derived.  Specifically  the  results  are  applied  to  a  circular  feed 
aperture  and  the  electric  field  is  expanded  in  terms  of  T£  circular  wave- 
gviide  mode  components.  The  determination  of  the  resulting  radiation  pattern 
due  to  each  mode  reduces  to  the  evaluation  of  single  integrals.  These  inte¬ 
grals  have  been  evaluated  for  a  number  of  modes  with  the  aid  of  a  computer, 
Some  of  the  radiation  patterns  are  shown. 

n.  ANALYSIS 


The  far  electric  field,  Ef,  of  a  plane  aperture 
ates  of  Figure  1  is  given  by* 


in  the  coordin- 


where 


free  space  propagation  constant 
A  =  free  space  wavelength 

0(  =  ratio  of  the  magnetic  field  to  the  electric  field  in  the  aperture 
plane  over  the  same  ratio  in  free  space 


N  =  yy®  e-*  +  y'  siny^sinl)  dx'  dy-  (2) 

Aperture 

E^  =  electric  field  in  the  aperture. 

The  reflected  field  at  the  paraboloid  reflector  will  be  obtained 
from  (1)  by  assuming  that  the  reflector  is  a  perfect  conductor  and  that  at 
every  point  the  incident  field  is  reflected  as  though  a  plane  wave  were  inci¬ 
dent  on  ein  infinite  plane. 

At  a  plane  perfect  conductor  the  relationships  between  the  inci¬ 
dent  and  reflected  electric  field  at  the  plane  is 


E  =  -E,  +  2  1  E,  •  1  (3) 

r  i  n  i  n  '  ' 

E.  and  E  are  the  incident  or  the  reflected  field  respectively,  1  is  the  unit 
normal  to  the  reflecting  surface,  ° 


equation  (3)  is  the  boixndary  condition  for  the  electric  field  at  a 
plane  perfect  conductor.  It  states  that  total  tangential  component  of  the 


electric  field  is  zero  2Lnd  that  the  normal  components  of  the  incident  and  re- 
fleeted  electric  field  are  equal. 


From  (1)  and  (3)  the  surface  current  at  the  reflector  may  also 
be  determined  by  asstoning  t^t  the  reflector  can  be  considered  as  plane. 
The  relationship  between  the  surface  current  density  and  the  incident  or 
reflected  electric  field  is^ 


free  space  intrinsic  impedance 

direction  of  propagation  of  the  incident  or  reflected  wave. 

The  radiation  fields  due  to  the  reflector  may  be  determined 
from  the  surface  current  distribution  by  integration  or  from  the  reflected 
electric  field  at  the  ai>erture  of  the  reflector  also  by  integration. 

To  determine  the  reflected  field  or  the  surface  current  it  is 
necessary  to  determine  the  imit  normal  to  the  paraboloid  surface.  The 
equation  for  a  paraboloid  surface  in  spherical  coordinates  is 


where 

7  = 

Iffi'lFr  = 


r  = 


2f 


where 


1  +  cosy/ 
f  =  focal  length. 

To  determine  the  unit  normal  to  (5)  let 


(5 


=  r  - 


2f 


1  +  cost 


r  - 


cos 


f 

~Z“ 


=  0 


(6 


The  unit  normal  is  obtained  using  the  definition  of  the  gradient 
and  is  given  by 


1 

n 


IV^I 


Therefore 


1 

n 


=  + 


1 

-t 


/ 


1 1  U.2 


(8 


The  normal  of  interest  is  with  the  minus  sign. 


Expresaing  the  spherical  tinlt  vectors  in  terms  of  cylindrical 
unit  vectors  gives 


In  =  -Ip  sin -11+  1^  cos  ^ 


The  reflected  field  at  the  reflector  will  be  evaluated  using 
(1),  (3),  and  (9).  To  perform  the  evaluation,  let 


K  = 

^TTr 


and  expanding  (1)  gives 


li  =  lEf  =  k[i^.  ]N(-l^+0(y  .]N(.1^.  1,  +  0()J 


From  (9)  and  (11) 


r^r‘  +  ®<  ‘ 

+  IN  ■  lj»sln^  (-1^  .  1^  +e<)J 


1^  =  1^  sin  Y  ~ 


Equation  (12)  simplifies  to 


E,  •  1  =  K  lo  •  IN  sin 


•  1  =  J.  o  • 

i  n  f 


(1  +  o<  cosy/) 


Subsiltating  (9),  (11),  (13),  and  (14)  into  (3)  gives  for  the  reflected  field 


Ij.  =  -K  ^ly  •  IN  sin«p'['-l^  +  e((l^siny/-'  1^  cos  IN  (cosy/  +  e() 
+  2(-l^  sin  -^  +  1^  cos  ^ )  (Ip  •  IN)  sin  ^  (1  +  «  cos  y )  J 


Simplifying  (15)  gives 


=  K  IN  (cos  Ip*  ioC)  -  K  1^  IN  •  Ip  £"ot  sin^y/ -2  sin^ -^(l  +  Otcos  ^)J  (16) 
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Equation  (16)  simplifies  further  to 


Ey  =  K  IN  (cos  +  K  Ip  IN  ■  ly  (1  -  cosy')  (1  -0()  (17) 

where  K  and  IN  are  given  by  (10)  and  (2)  respectively. 

Equation  (17)  shows  that  there  are  no  z  components  of  the 
reflected  field.  This  is  to  be  expected  since  the  properties  of  the  paraboloid 
reflector  are  that  when  excited  from  the  focal  point  with  a  point  source  the 
direction  of  the  reflected  wave  is  entirely  in  the  z  direction.  With  the 
assumption  made  that  the  paraboloid  reflector  is  in  the  far  field  of  the  excita¬ 
tion  aperture  the  incident  wave  is  in  the  radial  direction  and  hence  the  exci¬ 
tation  is  equivalent  to  a  point  source.  Equation  (17)  also  shows  that  if  the 
electric  and  magnetic  field  in  the  excitation  aperture  are  matched  to  free 
space  which  corresponds  to  Of  =  1  that  no  cross  polarized  component  is 
present  since  the  second  term  which  contains  a  cross  polarized  component 
vanishes. 


Equation  (17)  together  with  (4)  can  be  used  to  determine  the 
surface  current  over  the  aperture.  From  the  surface  current  the  resulting 
radiation  pattern  can  be  determined  by  means  of  the  current  distribution 
method.  The  far  reflected  electric  field  is  then  obtained  from  the  following 
integral^ 


E 


rf  “ 


Surface  of 
Paraboloid 


Surface  of 
Paraboloid 

However,  it  has  been  shown ^hat  nearly  the  same  radiation  pattern  is  obtained 
for  small  0  by  projecting  the  reflected  electric  field  at  the  reflector  on  the 
reflector  aperture  at  z^  and  using  the  aperture  field  method.  The  phase  of 
the  electric  field  over  the  aperture  with  the  above  approximations  is  constant. 
Equation  (17)  may  therefore  be  considered  as  a  means  of  determining  the 
transformation  of  the  electric  field  over  the  excitation  aperture  into  a 
corresponding  field  over  the  reflector  aperture. 


For  a  circular  excitation  aperture  which  may  consist  of  a  cir¬ 
cular  waveguide  or  horn,  the  field  in  the  excitation  aperture  can  be  expanded 
in  terms  of  transverse  components  of  TE  and  TM  modes.  The  far  field 
radiation  pattern  for  each  mode  is  known  in  closed  form.  One  integration 
with  respect  to  the  angular  coordinate  of  the  reflected  electric  field  over  the 
reflector  aperture  can  also  be  performed  in  closed  form.  To  obtain  the  far 
field  radiation  pattern  of  the  reflector  using  either  method  one  more  integra¬ 
tion  is  necessary  with  respect  to  the  radial  coordinate. 
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For  the  rectsmgular  excitation  aperture  which  may  consist  of  a 
rectangular  wavegiiide  or  horn,  the  electric  field  in  the  aperture  may  also  be 
expanded  in  terms  of  the  transverse  components  of  rectangular  TF.and  TM 
waveguide  modes.  The  far  fields  radiation  pattern  for  each  mode  is  also 
known  in  closed  form.  However,  the  integration  over  the  reflected  field  in 
the  reflector  aperture  cannot  be  performed  in  closed  form.  Therefore,  two 
numerical  integrations  are  necessary  to  determine  the  far  field  radiation 
pattern.  Approximations  for  the  integrals  have  been  attempted  but  thus  far 
have  not  been  successful. 


In  Appendix  A  the  radiation  pattern  due  to  a  circular  feed  aper¬ 
ture  is  treated  using  the  aperture  field  method  and  the  three  integrations  are 
performed  in  closed  form.  The  remaining  integration  has  been  performed  by 
means  of  a  computer  using  the  following  parameters; 


Radius  of  the  circular  aperture 
Radius  of  the  paraboloid  aperture 
Focal  length 

Fundamental  free  space  wavelength 


a  =  0.  472  inches 
=  12  inches 
f  =  7.  2  inches 
^  =  l.’l  inches. 


The  integrals  have  been  evaluated  for  all  the  TE  modes  that 
may  propagate  in  a  circular  waveguide  with  the  above  radius  a,  at  the  funda¬ 
mental  and  harmonics  up  to  the  fourth  harmonic,  n  =  4,  in  1/2  degree 
increment  in  Q,  up  to  6  ::  45  degrees. 

Figures  2  through  8  show  the  far  electric  fields  in  the  principal 
planes.  For  other  modes  the  fields  have  a  similar  characteristic.  The 
computed  results  indicate  that  the  major  lobes  due  to  the  higher  order  modes 
are  all  contained  within  the  major  lobe  of  the  fundamental  TE^^  mode. 

III.  CONCLUSIONS 


1.  An  equation  for  the  reflected  electric  field  at  the  paraboloid 
reflector  has  been  derived  in  terms  of  the  electric  field  at  the  feed  aperture. 
The  assumptions  made  were; 

a)  the  feed  aperture  is  located  in  the  focal  plane 

b)  the  reflector  is  in  the  far  field  of  the  feed 

c)  the  reflector  can  be  considered  as  locally  plane, 

d)  no  action  of  the  reflection  on  the  feed. 

2.  For  any  feed  aperture  for  which  the  far  field  is  known,  the 
radiation  due  to  the  reflector  reduces  to  the  evaluation  of  a  double  integral. 
For  a  circular  feed  aperture  the  electric  field  in  the  aperture  can  be  expanded 
in  terms  of  the  transverse  TE  and  TM  mode  component.  The  radiation 
pattern  due  to  the  reflector  reduces  to  the  evaluation  of  single  integrals,  since 
one  integration  can  be  performed  in  closed  form. 
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3.  The  evaluation  of  the  integrala  for  a  circular  feed  aperture 
has  been  performed  by  meams  of  a  1105  computer.  The  radiation  pattern 
obtained  up  to  the  fourth  harmonics  indicate  t'-at  all  the  major  lobes  due  to 
higher  order  modes  are  contained  within  the  main  lobe  for  the  fundamental 
frequency. 
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APPENDIX  A 


According  to  Equation  (17)  of  the  text  the  main  part  of  the  reflected 
field  at  the  reflector  is 


E  =  ■  -  :N  (cos  U^+ei) 

^  4rr 


where  IN  according  to  (2)  is 


1N= 

Aperture 


j  (x'  sinycosjf  +  y'  sin<f^sinf  )  ^, 


The  electric  field  for  TE  modes  in  a  circular  waveguide  in  rectangular 
coordinates  is® 


E  = - ^ 

X  2 


jUMk 

E  = - 

y  2 


where 


J  =  a  Bessel  function  of  order  m  and  k  is  obtained  from  the 
m  m,  n 

conditional  equation 


J'  (k  a)  =  0 
m  m,  n 


(A- 3) 


The  resulting  radiation  pattern  due  to  Uhe  reflected  field  using  the 
aperture  field  method  will  require  the  evaluation  of  terms  similar  to  (2), 
namely 


-j^Zf  ZW  D/ 


IN  =  - 

"  4'rr 


J  y  IN  df 


0  0 


(A- 4) 
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where 


D  =  diameter  of  the  reflector  and  r,  f*a.re  related  to  ^by  the 
eqiiation  for  the  reflector  as  will  be  shown  below. 

With  ]N  given  by  (2)  four  integrations  will  be  required.  Three 
integrations  can  be  performed  in  closed  form.  These  integrations  after  sub¬ 
stituting  (2)  into  (A-4)  and  expressing  the  rectangular  coordinates  in  terms  of 
circular  coordiates  are 


I  <  ^  ^  (A- 5) 


The  X  component  of  (A- 5)  is  obtained  by  substituting  (A-1)  and  is 


I  - 5- 

X  2 


.n  J  jF  0  cos  (^-^)  +^'  sin^cos  (/  - 


^  ^m+1  ‘^m.nf  >  df'  df  d^ 

(A- 6) 


To  perform  the  integration  with  respect  to  ^use  is  made  of  the  expansion 


sin^cos  +  £  2j"  sin^)  cos 

n=l  »  . 


{A-7) 


Substituting  (A-7)  into  (A-6)  and  using  the  orthogonality  properties  of  the 
trigonometric  functions  gives 

a  ZTT 

TTjw^k 


integrating  {A-8)  with  respect  to^  using  (A-7)  gives 


a 


I 

X 


k 

m,  n 


j(2m-f3) 


J  C^xn+l 


0)  (^y'siny)  ^ 


(A- 9) 

Next  the  integration  with  respect  to  J  ’  may  be  performed  using  the  Lommel 
integral  relationship  for  Bessel  functions,  namely 


(A- 10) 


/  ^m- 1'“*'  ^  =,^  f*<  llA)  - 
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Substituting  (A- 10)  and  (A- 11)  into  (A-9)  and  combiring  terms  gives 
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Using  the  recurrence  relation  for  Bessel  functions 


J'  (x)  =  -  - 
n  X 


J  (x)  +  J  (x)  =  —  J  (x)  -  J  (x)  =  (J  (x)  -  J  ,{x) 
n  n- 1  X  n  n+l  2  n- 1  n+1 

(A- 13) 

together  with  (A- 3)  simplifies  (A- 12)  to 
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With  the  recurrence  relation  (A- 12),  (A- 14)  tnay  also  be  expressed  as 
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I  can  be  evaluated  by  analogy  to  the  evaluation  of  I  and  the  analogous 
equation  to  {A-  14)  is  ^ 
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With  the  recurrence  relation  ^A- 13),  (A-16)  maybe  expressed  as 
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Substituting  (A- 15)  and  (A- 17)  into  {A-5)  then  into  {A-4)  gives 
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ESTIMATES  OF  THE  RADIATION  IN  THE 
SHADOW  REGION  OF  APERTURE  ANTENNAS 


H.  N.  Kritlkos 

The  Moore  School  of  Electrical  Engineering 
University  of  Pennsylvania 
Philadelphia,  Pa. 

Abetract,  -  This  paper  gives  estimates  of  the  shadow  region  radiation  of 
circular  aperture  antennas.  The  approach  was  based  on  the  concepts  of 
microwave  optics  which  is  valid  for  cases  where  the  wavelength  is  small  as 
compjired  to  the  dimensions  of  the  system.  This  approach  directly  implies 
that  the  shadow  region  radiation  is  determined  onlj'  by  the  type  of  primary 
illumination  and  by  the  shape  of  the  boundary  of  aperture.  For  the  special 
case  of  a  circular  aperture  illuminated  by  Huygens'  sources,  it  was  foimd 
that,  to  a  first  order  approximation,  the  shadow  region  field  depended  on 
the  field  present  immediately  next  to  the  aperture.  It  was  also  concluded 
that  the  minimum  back  radiation  is  achieved  by  a  primary  Illumination  which 
tapers  to  zero  at  the  boundary  with  the  smoothest  possible  rate. 

I.  INTRODUCTION 

With  the  recent  developments  in  the  reduction  of  the  internal  noise 
levels  of  microwave  receivers,  the  antennas  became  one  of  the  important  factors 
which  limit  the  sensitivity  of  receiving  systems.  An  evaluation  of  the 
performance  of  a  receiving  antenna  requires  the  knowledge  of  the  field  pattern 
not  only  in  the  direction  of  the  main  beam  but  in  all  directions  including 
that  of  the  shadow  region. 

For  the  case  of  aperture  antennas,  generally  the  field  pattern  is 
well  known  in  the  front  direction.  However,  limited  information  is  available 
for  the  pattern  in  the  back  direction  or  shadow  region.  This  lack  of  readily 
available  information  motivated  the  undertaking  of  this  work.  For  apertures 
with  an  axial  symmetry,  a  theoretical  study  of  the  field  radiation  pattern 
in  the  shadow  region  has  bean  made.  Because  of  the  special  nature  of  this 
problem  from  the  many  possible  approaches  available  for  the  solution  it  was 
decided  to  choose  the  one  which  offered  the  greatest  possible  simplicity  and 
flexibility.  This  anproach  is  essentially  based  on  Klrchoff's  approximation 
find  is  valid  only  for  cases  where  the  wavelength  is  small  as  compared  with 
the  physical  dimensions  of  the  system. 

By  using  the  asymptotic  behavior  of  the  integrals  involved  in  the 
formulation  of  the  problem  it  was  possible  to  reduce  the  resiilts  to  a 
simple  form  and  thus  avoid  the  typical  lengthy  calculations  which  occur  in 
diffraction  problems. 

The  main  conclusions  Oi  t-hi  s  work  are  the  following;  The  field  found 
in  the  back  direction  of  the  axis  of  revolution  of  the  aperture  is  always  a 
maximum,  and  is  directly  proportional  to  the  field  found  in  the  edges  of  the 
aperture.  I'lie  field  in  the  edges  is  dependent  cn  the  typo  of  aperture 
illumination.  For  uniform  Illumination  the  field  at  the  edges  is  directly 
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proportional  to  the  field  present  in  the  apertiipe.  For  tapered  illunlnatione 
the  field  is  directly  proportional  to  the  rate  at  which  illumination  distri¬ 
bution  goes  to  zero  at  the  edges* 

It  is  believed  that  the  obtained  results  are  conservative  estimates 
and  that  in  aotxiel  practice  other  factors  such  as  secondary  reflection^ 
etc.,  will  introduce  signals  which  may  be  larger  than  those  estimated.  The 
value  of  the  above  results,  however,  lies  in  the  fact  that  they  give  not 
only  a  picture  of  the  mechanism  tlffough  which  the  radiation  takes  place 
in  the  shadow  region  but  also,  because  of  their  simple  form,  they  provide 
one  with  means  by  which  trends  can  be  easily  seen  and  utilized. 

II.  METHDDS  OF  CALCULATINQ  THE  FIELD  PATTERNS  OF  APERTURE  ANTENNAS 

The  most  general  approach  to  the  problem  of  determining  the 
radiation  pattern  of  aperture  antennas  is  that  based  on  the  formalism  of 
2  L  9 

diffraction  theory.  ’  *  This  type  of  formulation  requires  the  solution 
of  either  a  partial  differential  equation  with  the  appropriate  boundary  value 
conditions  or  an  integral  equation.  Unfortunately,  the  problems  which  are 
of  Interest  to  vis  do  not  belong  to  the  limited  class  for  which  exact 
solutions  are  available.  This  Impliee  that  either  numerical  solutions  or 
some  approximations  have  to  be  used  in  order  to  arrive  at  a  final  answer, 
Numerloal  solutions  are  always  possible  but  they  are  cumbersome  and  usually 
require  the  use  of  a  computer.  This  restricts  their  tisefulness  only  in 
cases  where  one  is  interested  in  very  accurate  solutions  and  is  willing  to 
invest  the  time  needed  for  programming.  In  our  case  the  nature  of  the 
problem  is  such  that  a  veiy  detailed  determination  of  the  field  does  not 
have  a  practical  significance  because  of  the  many  other  factors  (auch  as 
structural  imperfections,  reflecting  objects,  etc.)  which  in  practice  can 
introduce  serious  deviations  from  what  one  might  expect  from  theoiy.  It 
seems,  tharofore,  that  some  approximation  has  to  be  used  in  order  to  bring 
the  final  results  to  a  usable  lum.  Boi'ure  woing  ii.to  the  method  developed 
in  this  work  a  brief  discussion  of  the  work  already  existing  in  this  area 
will  be  given  bolowi 

For  the  case  of  a  feed  illuminating  a  metallic  reflector  having 
the  shape  of  a  spherical  shell,  the  feed-reflector  interaction  has  been 
formulated  in  terms  of  an  integral  equation,  which  was  approximately 
solved  by  utilizing  the  properties  of  integrals  with  rapidly  oscillating 
kernels.  7  This  approach  is  of  considerable  theoretical  importance 
because  it  is  based  on  an  exact  fonmlatlon  and  it  opens  the  road  to  the 
determination  of  the  Induced  currents  on  the  reflector.  A  limitation  of 
this  method  is  that  it  presents  the  final  result  as  the  difference  of  two 
quantities,  the  incident  field  and  the  scattered  field.  The  incident 
field  is  a  quantity  which  is  known,  however,  the  scattered  field  is  only 
approximately  known.  Small  errors  in  the  scattered  field  can  result  in 
large  percentage  errors  in  the  total  field.  This  method  therefore  has  to 
be  used  with  some  caution  especially  in  cases  where  the  field  in  the 
shadow  region  is  several  orders  of  magnitude  below  the  incident  field. 


Another  aeries  of  epproxlioatlone  can  be  secured  by  sinply  assuaiing 
a  solution  in  such  a  way  that  It  is  consistent  with  our  intuition  and  our 

experience*  The  shortcoining  of  these  methods  is  that  they  do  not 

allow  for  higher  order  corrections  in  an  obvious  manneri  the  great 
advantage  is,  however*  their  great  flexibility.  In  a  number  of  cases 
the  final  result  can  be  preswited  in  such  a  form  that  theoretical  trends 
can  be  immediately  seen  thus  having  an  extremely  high  practical  use* 

These  approximations  are  valid  for  oases  where  the  wavelength  is  small  as 
compared  to  the  physical  dimensions  of  the  system  and  in  general  have 
been  very  successful  for  caloiilating  the  field  pattem  in  the  front 
direction*  Following  these  approximations  the  most  oonnonly  encountered 
methods  for  finding  field  patterns  of  aperture  antennas  arei 

First*  the  induced  current  method*  where  the  current  distribution 
in  the  reflector  is  assumed  to  have  a  given  form  and  from  these  induced 
currents  the  field  pattem  is  determined* 

Second*  the  aperture  method  where  the  field  in  the  aperture  Is 
assumed  to  have  a  given  distribution  than  using  Huygens'  principle  the 
field  is  found  for  regions  lying  in  front  of  the  aperture*  The  above 
two  methods  given  the  field  only  in  the  front  direction.  An  attempt  has 
been  made  to  extend  the  induced  current  method  H  in  the  back  direction* 

The  final  result  appears*  as  In  the  first  discussed  case*  as  the  differ* 
enee  of  two  quantities*  the  ineldent  field  and  the  scattered  field.  The 
scattered  field  is  a  quantity  which  was  only  assumed*  therefore*  any  small 
error  in  the  assumption  can  appear  as  a  large  percentage  error  in  the 
difference. 

Another  possible  approach  which  was  investigated  was  the  treat* 
ment  of  the  diffraction  problem  with  the  aid  of  the  recently  developed 
concepts  of  diffraction  rays,  °  It  was  found  that  this  approach*  although 
it  possesses  considerable  merit  it  was  not  easily  adaptable  to  the  problem 
in  hand*  especially  in  cases  where  the  primaiy  illumination  of  eperture 
tapers  to  zero  at  the  edges. 

The  limitations  of  the  above  mentioned  tochniques  and  the  moti¬ 
vation  to  arrive  at  simple,  flexible  and  useful  solutions  led  the  author 
to  seek  a  new  solution  which  is  basically  an  extension  of  the  aperture 
method.  This  solution  does  not  present  the  final  result  as  the  dlfferenoe 
of  two  quantities  and  thus  it  is  free  from  limitations  of  the  methods 
available  at  present.  This  method  is  valid  only  for  cases  where  the 
wavelength  is  small  as  compared  to  the  physical  dimensions  of  the  reflector 
and  is  based  on  Kirchoff's  approximation.  For  this  reason  a  brief  discussion 
of  Kirchoff's  approximation  follows. 

III.  KOTTLEPv'S  lUr-DRALS  AND  KIRCHOFF'S  APPROXIMATION 

Kirchoff's  approximation  is  based  in  Huygens'  Fresnel  form¬ 
ulation  of  scalar  diffraction  problems  or  Kottler's  formulation  of 
electromagnetic  diffraction  problems.  Huygens'  Fresnel  principle  enables 


one  to  detemine  the  field  at  aone  point  enoloaed  by  arbitrarily  ohoaen 
aurfacea  provided  one  know  the  eleotrlo  and  magnetic  field  in  the  Bur> 
face  and  the  aouroea  enoloaed  by  the  aurfaoe. 

For  the  apeeial  oaae  where  one  haa  an  obaervatlon  point,  a 
eoui'oe  and  an  object  which  obatruote  the  aouroe,  Kirchoff 'a  approximation 
takes  the  following  form.  See  Figure  Z. 

A  closed  surface  is  oonstruoted  around  the  observation  point 
composed  by  two  open  surfaces  Sq  and  Surface  Sq  Is  one  of  the  sides 
of  the  obstructing  object.  The  contribJtion  of  this  aurfaoe  to  the  field 
at  the  observation  point  is  aero. 

Surface  Sj^  is  an  arbitrarily  chosen  surface.  Nonnally  it  is 
chosen  in  such  a  way  that  it  is  possible  to  make  a  good  approximation 
for  the  field  at  the  surface.  The  usual  approximation  being  to  assume 
that  the  field  in  the  surface  is  the  incident  field. 

This  is  Just  a  very  brief  statement  of  the  aspeota  of  the 
Klrchoff's  approximation  which  are  of  inreediate  interest  to  us.  Extensive 
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discussions  are  available  in  the  literature.  • 

The  Kirohoff  approximation  is  only  valid  for  cases  where  the 
wavelength  la  small  as  compared  to  the  physical  dinensione  of  the  system. 
In  the  past  It  has  been  extremely  successful  for  providing  approximate 
solutions  to  diffraction  probleme.  The  main  limitation  is  the  fact  that 
corrections  for  obtaining  more  precise  results  cannot  be  done  in  an 
obvious  manner.  This  leaves  its  use  with  some  degree  of  uncertainty, 
however  for  a  large  number  of  problems  it  is  absoluteZy  the  best  method 
to  use  because  other  alternatives  are  so  complex  and  inflexible  that 
their  use  is  not  Justified  by  the  olrcimistancas. 

Having  made  the  Kirchoff  approximation  one  can  proceed  to  p 
determine  the  field  at  a  point  by  using  the  familiar  Kottler  integrals. 

One  has  then. 


|(P)-^  P  [^-J<ip.(n  X  (n  X  E)  x  f  J  ♦  (n.I')V'f'dS  -  ^  d£ 


The  H  component 


«  -  |ir.)e(ir  (iT X  H)  x7^  {n.H).tW^  dS  ♦ 


36^  - 


where  t  is  the  tangent  to  boundary  of  the  surface  and  n  is  the  normal 


t 


2ii 

k-  ^ 


where  X  is  the  wavelength  and  R  is  the  distance  from  the  observation  point 
to  the  element  of  integration. 

Letting  U-  be  any  component  of  £  or  H  field  one  has  for  the 
far  field, 

1  r  e”^*^  r,  iv*- 

^p"  in  ^  i  r  ^ 

Ja  ^ 

for  ik^  ^  this  reduces 

4 1*  I  ••ikR  ^  ^ 


(n.R  *  n.s)  dS 


where  n  is  the  normal  to  the  surface  of  integration  and  s  is  the  normal 
to  the  wave  front. 

Another  approximation  can  be  constructed  by  examining  the 
radiation  properties  of  a  plane  wave  element.  It  can  be  shown  that  the 
radiation  field  of  a  plane  wave  surface  element  gives  the  following 

field. 
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(1  *  008  9)  oos  0 


0  ike 


(1  ♦  oos  0)  sin  0  E 


where  R,  0,  9. are  the  spherical  coordinates  and  is  the  amplitude  of 
the  element. 

These  are  the  formulas  on  which  the  subsequent  discussion  will 


be  based. 


IV,  ASYMPTOTIC  EVALUATION  OF  INTEGRALS  OF  THE  FORM 


a. 


]■  =^1“  8(x)  to 


b. 
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g(x)  dx 
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In  the  statement  of  the  Kirohoff  approximation  the  fields  were 
given  in  an  integral  form.  It  is  often  the  case  that  these  integrals 
cannot  be  evaluated  easily.  In  a  munber  of  oases  it  is  possible  by 
taking  into  advantage  the  geometiy  of  the  situation  to  expand  the  integrand 
into  a  series  of  eigenfunction  which  can  be  integrated  separately.  The 
difficulty*  however*  with  this  approach  is  that  for  large  values  of  k  this 
type  of  series  converges  very  slowly.  In  this  section  a  series  expansion  of 
the  above  integrals  will  be  given  in  power  of  (1)  so  that  for  large  k  the 
first  term  gives  a  good  approximation.  ^ 

a 
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These  types  of  expansion  have  been  already  reported  in  the  literature  * 
with  a  sufficient  degree  of  generality.  In  this  woxic  only  a  sim^e  font 
suited  well  for  our  applloation  will  be  discussed. 

b 

Case  a.  Integrals  of  the  form  ^2."  J 

a 

Let  us  Integrate  this  integral  by  parts t 
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Again  integrating  by  parts  one 
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Continuing  this  process  the  following  series  are  obtainedi 


g"(x) 
r.*l 


”1  (Ik) 


(7) 


If  the  function  g(x)  ia  a  amoothly  varying  function  tl»n  clearly 
for  large  k  the  firat  few  tenaa  are  sufficient  to  give  a  good  estimate  of 
the  function  2.. 

b 

Caae  b»  Integral  of  the  fona  •  C g(x)  dx 


Method  of  Stationary  Phase* 


If  the  functioning  f(x)  has  a  stationary  point  within  the  region 

of  integration  and  if  k  Is  large  and  the  function  ^  bounded 

variation  then  the  following  approximation  la  valla.  ^  '  Let  x  the  point 
f'(x)  -  0  X  •  X  .  For  f"(x„)>0.  ° 


Z_(k)  -  -=~ 


^  .  0(|) 


For  f"(x^)<0 
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g(x^) 
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More  detailed  discussion  of  this  expansion  can  be  found  in  the  literature* 


V*  TiJE  SHADOW  RrQlCK  FIKLD  PATTF'iN  OF  A  CIRCULAR  APERTURE 


In  the  previous  section  all  the  tackgroiuid  material  necessary 
for  the  determination  of  the  shadow  region  field  radiation  has  been  pre¬ 
sented*  In  this  section  Uils  background  material  will  be  integrated  and 
estimates  of  the  field  pattern  and  its  order  of  magnitude  will  be  given* 


The  special  case  which  will  be  examined  is  that  of  circular 
aperture  having  a  given  field  distarlbutlon  in  the  vicinity  of  the  edges* 

As  it  will  be  seen  later  in  this  section  the  distribution  of  the  field  at 
the  edges  is  all  that  is  necessary  for  the  determination  of  the  shadow 
region  pattern.  The  field  at  the  edges  may  arise  from  either  direct 
radiation  of  a  feed  illuminating  a  parabolic  reflector^  or*  in  the  case 
where  the  primary  radiation  goes  to  zero  at  the  edges,  from  secondary 
radiation  and  reflections.  As  far  as  this  section  is  concerned  the  origin 
of  the  field  at  the  edges  is  not  important  as  long  as  its  fora  is  known. 


As  it  was  mentioned  previously,  the  piublems  examined  in  this 
study  are  only  limited  for  cases  whore  the  wavelength  is  small  as  com¬ 
pared  to  the  dimensions  of  the  system.  This  allows  one  to  view  the  situation 
from  a  physical  optics  or  more  properly  from  a  microwave  optics  point  of 
view.  The  immediate  conclusions  that  ore  can  draw  is  that  the  diffraction 


mohaniaB  hM  a  local  oharaoter  i.e»«  It  la  tha  shape  of  the  bounduy 
separating  the  illnai nation  fron  aha^v  region  which  deteradnea  tha 
diffraction  pattern  (sea  Figure  II)  and  not  ths  general  shape  of  tha 
object*  One  oan  also  predict  that  for  all  practical  purposes  for  circular 
reflectors  the  field  will  drop  sharply  in  the  sides  but  then  an  interference 
pattern  will  appear  haring  always  a  raaxlaium  in  the  vicinity  of  the  axis  of 
revolution  of  the  reflector,  nie  magnitude  at  the  field  naxinuB  lying 
in  axis  of  the  order  of  magnitude  of  source.  This  was  actually  one  of 
the  main  condusions  of  Fresnel  when  he  demonstrated  the  wave  nature  of 
light  by  placing  a  point  source  in  front  of  a  sphere  and  observing  that 
there  is  a  maximum  of  light  intensity  in  ths  direction  of  the  line  joining 
the  center  of  the  sphere  and  aouroe.3 

The  speoifio  ease  which  is  examined  is  that  where  the  field  in 
the  plane  of  the  aperture  has  the  following  general  shapes 


(10) 

jy 

h 

(n) 

where  s  is  a  cartesian  coordinate. 

r  and  are  spherical  coordinates  as  shown  in  Figure  II 


Following  an  approach  based  on  Kirchoff's  approximation  the 
observation  point  P  is  enclosed  by  three  surfaces  Sg,  Sg.  Surface 
Sq  Is  the  back  of  the  reflector,  surface  is  the  i^inite  plane  of  the 
aperture  minus  ths  area  of  ths  aperture,  and  surface  is  the  Infinite 
semlaphere.  The  contribution  of  surfaces  Sq  and  S2  is  assumed  to  be 
aero  while  the  contribution  of  the  surface  oan  be  obtained  by  using 
Kottler's  Integrals. 

For  oonvenlenoe  the  expression  giving  the  electric  field  is 
rewritten  belowi 


Let  the  first  integral  be 
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the  seoondj 
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and  the  thirds 
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For  the  first  integral  one  has 


n.8  ■  0 

n.R  •  s*H  ■  008  6 

It  was  pointed  out  previousljr  that  inoet  of  the  contribution  to 
this  type  of  integral  comes  from  points  lying  close  to  the  boundary.  Con» 
sequently  oertain  approxinations  involving  the  distance  R  which  are  valid 
in  the  vicinity  of  the  rln  of  the  reflector  are  made  below.  Thru  one  has 
the  typical  far  field  approximation. 


H  •  Rq  -  r  cos  a  -  Rq  •  r  sin  0  cos  (0-0')  j  cos  a  •  sin  0  cos  (0-0') 


For  the  R  appearing  in  the  denominator  it  is  sufficient  to  let  R  ••  R^. 

Substituting  these  quantities  to  the  first  Integral  and 
■  r  dr  d0 


-ikR_  ♦  ikr  sin  0  cos  {0  -  0* ) 
jj-  cos  0  r  d0  dr  (15) 


noticing  that  dS 


0  p 
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But  ^  thorefora  fron  equation  10«  one  haa^ 


cn 

-  ik  8^0^,  ft  r  f , 

^  "  GF  008  ej  I  (-1 


0  4  0  sin  0)  Kq  8-^*’  e-^  ^<^'^f(r)rdr<^ 


By  retaining  only  the  first  tens  of  the  settles  given  by  equation  7  the  first 
Integration  with  respect  to  the  variable  r  can  be  perfom^  approxiaately* 

In  this  ease  only  the  lower  Unit  contributes  to  the  integral  because 
the  field  at  the  upper  limit  goes  to  aero*  The  result  is 


•IkR  5 

^  ^  ^  ***  ®  f  ***  *’T  sin  0)  Eq  j-j' 


•ikr  sin  8  00s  (0*0' ) 


Notice  that  the  inoident  field  in  the  surface  of  integration  has  the  form 

■  -a  008  0  f (r)  ♦  0  sin  0  f (r)»(-a  00s  0  •  x  sin  0*7  sin  0  00s  0)  f(r) 

•  (^  oos  0  -  52£j^-i)  4*^  sin  0  oos  0  f(r)  (18) 

Oi^ly  gives  a  contribution  to  the  integral|  and  £y  give  aero*  Let  us 
now  consider  small  values  of  the  angle  6  therefore  the  following  approximations 
oan  be  made  oos  Ootfl*  sin  6  93 0  in  aU  places  except  at  the  expression  appear¬ 
ing  at  the  exponent*  The  int^ral  is  then, 

Ztr 

^  5±!^  J  1  ,1K  .1"  »  ».  (»-♦■)  ,1.  2  ,)  „  (IS,) 


'I'-'ir 


^  1  e“'“0 


ilc(nn*p) 


f(p)p  Jg  (kp  eln  0)  - 
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p  sin  9  008  0 


(ooe  2  0  ooe  2  0'  -  r.in  2  0  sin  2  0’)  d0 
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Using  ths  •xpresalon 


dfi 


and  also  the  relation  JL(x)  ■  (•1)'^  J  (x)  one  obtains 

•fi  n 


ii . 
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-lk(R  ♦p) 

. .  pf(p)  1  Jp(l£P  Bin  fi)  ♦  cos  2  p’Jg  (kp  sin  6) 


(21) 


lAiere  Jq  and  are  Bessel  fonotlons  of  aero  and  second  order.  Let  us 
consider  the  second  Integral.  Notice  that 
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Substituting  these  in  IL  one  has 
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Making  the  sane  far  field  ^ppgroxiBatlone  as  before  one  has 
2tT 

^2 "  If  w  ^0  «»•  p  ^  ^  p  d0  -  0 


(23) 


For  the  third  Integral  one  has 


X  t  ■  0 
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similarly  one  can  show  that, 


I 
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<2U) 


Ab  It  woB  expected  the  two  loat  integrals  vanish  leaving  no 
longitudinal  oomponents  present. 

The  final  result  therefore  la  given  by  equation  20. 

This  is  a  very  useful  result  becavise  it  gives  the  radiation  pattern 
for  amaU  angles  In  the  shadov  region  without  having  to  know  exactly  the 
form  of  the  field  In  the  edges  of  the  reflector.  Notice  that  the  pattern 
above  has  a  peak  In  the  axis  of  the  reflector  as  it  was  expected  from  optics. 

The  field  In  the  axis  is 

~t  -ih(Ro*p) 

E{axls)  “  *  £  5  pf(p)  (25) 


The  power  flow  at  any  point  can  be  determined  with  the  aid  of  the  Poynting 
vector  which  ia 


S  •  I  (s’  X  H) 


(26) 


Assining  that  the  far  field  behaves  like  a  plane  wave,  one  has. 


■iS«o 


Than  equation  26  beooees 


2  ,2,.  J  1/2 
„  1  -P  f  (P) 

s  -  ^  R  — ^ 


(27) 
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The  power  flow  per  unit  stereo  angle  is 


1/2 

P  •  R^S  -  ^  pV(p)  Eq  (J)  (28) 

Tkla  is  one  of  the  main  results  of  this  developront  beoatise  the 
maxijmmi  in  the  direction  of  the  axis  is  of  great  intenst.  The  field 
arzlves  at  this  diraotlon  in  phase  from  the  edges  thus  making  it  the 
maximum  which  will  stand  out  from  all  the  maxima  of  the  interference 
pattern. 


VI,  ESTIMATES  OF  THE  SIEE  AND  SHADOW  REDION  RADIATION  OF 
A  CIliCULAR  APERTURE  WITH  A  UNIFORM  ILLUMINATION 


For  cases  where  the  primary  illumination  is  7.ero  to  first  order 
in  the  edges  of  the  reflector  a  method  is  required  which  can  giwe  estimates 
of  the  field  present  thsre  from  secondary  reflsotlons.  In  order  to  obtain 
these  estimatM  the  following  approximation  is  made.  The  field  in  the  plane 
of  the  aperture  is  assumed  to  be  a  plane  wave*  and  then  using  Kirchoff's 
integration  methods  the  field  in  the  plane  of  the  aperture  is  determined. 

This  is  a  highly  idealised  method  and  in  actual  practice  one 
would  expect  that  deviations  from  these  assumptions  will  alter  the  results, 
iioweveri  one  might  argue  that  because  of  the  fact  that  side  radiation  is 
some  orders  of  magnitude  below  the  primaxy  pattern  and  because  there  are 
so  many  other  non«oontrollable  factors  (such  as  reflectors  from  the 
supporting  postS|  structural  imperfections «  reflections  from  the  ground| 
etc.«)  an  exact  theoretical  calculation  is  of  very  little  practical  use. 


For  this  reason  this  highly  Idealized  situation  will  be  pursued 
here,  with  tbs  understanding  that  it  provides  estimates  which  are  con¬ 
servative  and  that,  in  actual  practice,  larger  values  of  field  intensity 
which  are  predicted  here,  are  likely  to  be  encountered. 

From  equations  1  and  It,  one  has 
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This  equation  gives  the  oontribution  only  of  the  radiation  fieldsi  static 
and  induction  fields  are  neglected. .because  they  do  not  contribute  to  the 
far  field.  For  the  evaluation  of  the  above  integrals  one  observes  thati 
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This  integral  will  be  evaluated  for  two  oaaea.  a  •  For  pointa 
lying  in  the  far  field  and|  b  •  For  points  lying  in  the  ria  of  the  reflsotor* 

Case  at  For  the  first  ease,  one  has,  (aee  Figure  II) 
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or  integrating  the  first  Integral  with  respect  to  the  variable  R  approxi¬ 
mately, 

'^2 

*  ’®of  -  e‘^2)  dy  ♦  o(|)  * 

These  Integrals  will  be  evaluated  now  with  the  method  of  the  atationary 
phase*  For  the  first  Integral  let 
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The  firet  derivatiye  ia 
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The  atationary  point  la  at 


The  aeoond  derivative  la 
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For  the  aeoond  Integral  one  haa 
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R'(^)  ■  ♦ 
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Also  LlnR"(0»0',  0**n)  ■  p 

(1*2) 

R-*  ^ 

and  R(0«0',  0'+it)  •  R  ♦  p 

(13) 

Slnoa  In  tho  Una  intograla  thane  am  two  otationaxy  polnta  the  oontributlon 
of  both  win  be  taken  Into  aoooant.  Using  equation  8  the  final  result  as 
R~^i-<»i8 

E(p.)  . 

.  (R-*.)  ijg  ,"■('-<'>•‘5  -  I  (U.) 

or 
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butT-Tf  008  0'  -  T  008  0'  *  'T  8in  0*  -  T  008  0’  -  0  sin  0'  (h6) 
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Obaerve  that  ae  It  vaa  axpeeted  no  longliudinal  ooaqwnenta  exist 
in  the  far  field. 

Case  bi  The  radiation  field  in  the  rin  of  the  rsfleotor  and  the  shadow 
region  field. 


For  this  ease  a  slightly  different  apjaroaoh  will  be  luad.  The 
field  at  the  edges  of  the  reflector  will  be  takno  to  be  the  sm  of  tbs 
individual  oontodbutlons  of  each  of  the  surface  eleaents  which  fois  the 
total  area  of  the  aperture.  Since  enrentually  the  results  of  this  develop* 
nent  eventually  will  be  used  for  the  deteriBination  of  the  far  field  in  the 
baok  direction  only  the  radiation  fit^lds  of  the  ^ane  wave  area  eleeunts 
will  be  oonsldered.  Using  equation  ^  where  8  ■  1  one  has  for  the  field 
at  the  edges  E  (P>}.  ‘ 


.“ryi 


/  •*  ♦  .  y  e 

(  s  cos  0  ♦  0  sin  0)  ^ 


-IkR  ♦ 
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e-ikR 


oos  0  pd  0 
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The  second  Integral  because  of  its  radial  ooaponent  does  not  contribute 
to  the  shadow  region  radiation  atui  for  this  reason  its  evaluation  will 
be  oaltted. 

For  points  lying  in  the  edges  Ro  ■  2p  oos  *  Hi  *  0,  ^2  *  **  7* 

Vi  "  and  by  integrating  with  respect  to  the  variable  R  with  the 
aid  of^equation  7  one  has, 

ir 

Be(P’)  -  2  f  (I  oos  0  ♦  Tsln  0)(e‘^2-l)  dip  ♦  0  (^)  (I?) 

♦^0 

In  this  case  ••  2p  oos  and  the  stationary  point  occurs,  as 
before,  forvp*  0.  Also  0  ■  f(U)  and  for  lU  *  0}  0*0,,  0,*ir. 

With  equation  8  this  reduces  to 


T  J  2n  4  If?  •  ^ 

Ee^P')"^*  oos  0  sin  2  1  e  (a  oos  0^  ♦  0  sin  0j^)  ir  (50) 
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or  for  large  kp 


Eg(P’)  ■  “  J  (^ooa  7 iln  0j^) 


This  expression  gives  the  field  at  the  edges  of  the  reflector* 
Hoeeveri  in  order  to  have  the  results  of  the  previous  section  api^y  here 
one  has  to  show  that  in  the  iasasdiate  vicinity  of  the  edge  of  the  field 
behaves  as  f  (r)e*^. 

Let  us  consider  an  observation  point  close  to  the  ris*  The 
field  in  this  point  is  given  by  equation  18.  Integrating  the  equation 
with  the  aid  of  equation  7  and  onltting  the  second  integral  one  has 


If 

E  fp‘)  -r^ 
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-ff 


ooa  0  ♦  T sin  0)(e*^*'^  dv|/ 


I  2  ft  ft 

In  this  case  ^  oos(^  ♦  Vp  “ 

Since  the  observation  point  is  close  to  the  ria  the  edge  to  a 
first  approrUnation  can  be  taken  as  an  infinite  straight  line* 

Quantity  therefore  can  be  approxlaated 

<»> 

The  first  tens  of  the  sum  of  the  exponentials  can  be  evaluated 
as  before  the  second  part  also  can  be  evaluated  by  the  ntbod  of  stationary 
phase  by  noting  that  stationary  phase  occurs  for  -0*  The  final  result 
is  I 


E  (P')  ■  n:(^ 0  ♦  T sin  0) 


This  is  of  the  font  of  (s  ooa  0^0  sin  0)f(R)  e**^^  ^lere  the  Lis 
of  (R)  ■  f(p)  from  equation  ^  oan  be  se«i  to  be  p 
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TIm  front  to  back  ratio  la 


^f  ,  ^t/y  ,  x2  .. 

This  is  ths  final  result  of  this  section* 

vn,  Sira:  radiation  of  aperture  with  tapered  illumination 

In  moat  oases  the  aperture  is  not  uniforaly  illvuainated  but 
the  illumination  tapers  to  aero  in  the  edges  of  the  reflector. 

The  side  radiation  can  still  be  evaluated  by  using  Equation  ^* 
The  line  integrals  are  of  coisrse  equal  to  sero. 

The  field  for  a  general  distribution  Eq  g(r)  at  the  observation 
point  P'  (p,  is 

R,  n 

E-  -ikR 

2(ir 008  0  -  sin  0)^ 

R^  0 

or  integrating  approxlaately  with  respect  to  R 
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The  first  term  gives  sero  while  the  second  tern  can  be  evaluated 
before  (see  equation  L9)  to  give 
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For  largo  kp  this  givoa 
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Tbs  eoneluBlon  la  thenforo  that  the  field  in  the  edges  la 
directly  proportional  to  the  derivatlTS  of  the  illuninetion  distribution 
function  in  the  edges. 


Comparing  this  with  the  asauaed  form  of  the  fields  in  the  edge 
(eq.  10)  it  can  be  shown  that 
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noting  that  ^ 
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y*  0 

The  power  flow  in  the  baok  is  then 


128  k* 


g(r) 


^0 


(68) 


(69) 


Notice  that  this  differs  from  equation  59  by  the  factor  k^.  This 
naans  that  for  high  frequencies  the  leakage  in  back  becoMS  smaller  while 
for  a  uniform  illumination  this  was  a  constant. 

nn.  Discussi(»  of  results 

The  approaoh  and  the  final  foym  of  the  results  of  this  work 
were  suoh  that  no  involwed  solutions  and  computations  were  neoessaiy. 

This  satisfied  one  of  the  main  obJeotiTes  of  this  stud^y  i.e.y  simplicity 
and  flexibility.  As  it  was  discussed  previously  a  number  of  variables 
whioh  oannot  be  properly  accounted  (suoh  as  secondary  refleotion,  etc.) 
are  capable  of  producing  stray  signup  such  that  the  field  pattern,  whioh 
nomalJLy  exists  there,  may  be  substantially  altered.  It  sees  therefore 
that  only  on  approximate  but  simple  and  fleslble  approaoh  as  compared  to  a 
precise  bxit  involved  snd  lengthy  method  can  be  justified  by  the  special 
cirounstanoes  of  this  problem. 
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SiiuWf  in  this  atu^sr,  only  ouea  for  vhloh  the  wavelongth  la 
amall  aa  oonparad  with  the  p^lo^  diaenaiona  of  the  aTatea  ere  oonalderedi 
than  tha  behsnrlor  of  tha  field  in  the  ahedow  region  oen  be  better  underatood, 
at  leaat  qualitatively,  froa  aiailar  probleaa  in  optioa.  For  the  oaae  irtwre 
a  source  illuninatea  an  obsta<^e  one  generally  expeota  the  following 
behavior.  To  a  first  order  approxlnation,  the  field  in  the  illuoinatlon 
region  is  equal  to  the  incident  field.  In  the  illuadnated  to  shadow 
boundary  the  field  normally  drops  in  a  manner  siailar  to  a  Fresnel 
infinite  straight  edge  diffraetlon  pattern.  Aa  one  aovea  deeper  into  the 
shadow  region  contributions  from  the  illuminated  shadow  boundary  of  tha 
obstacle  come  into  the  picture  thus  creating  an  interference  pattern. 
Experienoe  with  thia  type  of  problem  in  optics  shows  that  the  interference 
pattern  is  mainly  determined  by  the  shape  of  the  illuminated  shadow  region 
boundary  of  the  obstacle.  The  resulta  of  this  study,  for  the  special  oaae 
which  was  oonslderad,  have  also  shown  that  the  pattern  in  the  shadow  region 
Is  primarily  determined  by  tha  field  present  in  tha  edges  of  the  rsfleotor. 

The  special  ease  whloh  was  examined  hare  was  that  of  a  eiroular 
i^rture  with  the  general  type  of  fitAd  p^aent  in  the  edgsa  which  one 
would  expect  arising  from  a  oolleotlon  of  Huygens'  souroea  located  in  the 
plane  of  the  iqserture.  Because  of  tha  fact  that  the  radiation  arrives  in 
phase  at  points  lying  in  the  far  field  in  the  direction  of  tha  axis  of  the 
reflector,  the  field  there  always  has  its  maximum  Intenaity. 

It  was  found  that  the  power  per  unit  stereo  angle  radiated  in 
the  diraotion  of  tha  axis  of  the  reflector  apart  from  a  oorraotlon  faotor 
la  of  the  order  of  magnitude  of  the  field  present  in  tha  edges  of  the 
reflector.  For  small  angles  from  the  axis  of  the  reflector  the  field 
pattem  also  was  determined.  Figure  ZIZ  showa  a  typical  field  pattern. 

The  reason  why  the  patterns  for  0  ■  0  and  #  ■  y  differ  is  tha  poleriMtion 
of  the  incident  radiation. 

Zn  determining  the  shadow  region  radiation  only  the  general  form 
of  tbs  field  was  necessary  to  be  ioiown  in  the  edges  with  the  only 
restriction  that  it  waa  originally  generated  by  some  distribution  of 
Huygens'  aoureoe.  In  order  to  evaluate  the  effect  of  tha  aperture 
Illumination  to  the  shadow  region  radiation,  estimatea  were  made  for  tha 
radiation  found  in  the  edges  arising  from  different  typo>  of  illumination. 

For  the  case  of  a  uniform  illumination  It  was  found  that  the  field  in  the 
edges  apart  from  a  oorrsotlon  faotor  is  of  the  same  order  of  magnitude, 
as  the  field  present  in  the  aperture. 

For  the  eases  where  the  illumination  tapsrs  to  sero  in  the 
edges,  an  already  known  fact  was  dlreotly  shown  hers,  i.a.,  that  tha 
field  in  the  edges  to  first  order  is  sero.  However,  a  second  order  apparaxi* 
matlon  shows  that  it  la  diraotly  proportional  to  the  rate  at  which  ths 
illumination  goea  to  sero  at  ths  edges  and  to  the  wavelength.  One  of  the 
ooncliuions  therefore  is  that  ths  minimum  shadow  region  radiation  la 
obtained  with  a  tapered  Illumination  having  the  smoothest  possible  trans* 
itlon  to  sero  In  ths  edges. 
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One  of  the  linltatloM  of  the  eppaneoh  whioh  wtw  pursued  here 
l»e*f  the  Kirohoff  approadnetlony  ie  that  estiaates  of  its  aoouracgr  oan- 
not  be  Bade  in  an  obvious  end  convenient  manner.  It  is  well  knowi|  ho«> 
every  that  careful  applieatlons  of  Kirohoff'e  approximation  have  been 
very  sueoessful  in  a  large  number  of  aimilar  probleme*  For  the  particular 
problem  Mcasdned  hare  the  estimates  given  in  this  work  are  believed  to  be 
conservative.  In  actual  practice  it  is  expected  that  other  factors  (such 
as  secondary  refleotlony  etc.)  will  tend  to  create  field  intensities 
idiich  will  be  higher  than  what  is  predicted  here. 

The  methods  whioh  have  been  used  in  this  work  and  particularly 
the  aaysqptotio  eval\iation  of  the  integrals  fora  a  powerful  tool  whioh  has 
potential  ap|d.ieatlon8  to  a  number  of  other  problems.  For  exaa^le  esti* 
mates  of  the  back  radiation  of  apertures  with  a  boundary  of  other  shape 
than  circular  can  conceivably  be  given  by  using  these  methods.  Also  for 
other  diffraction  problems  where  it  is  advantageous  to  sacrifice  extreme 
pi«oi8ion  for  oonelderable  saving  of  effort  and  time  this  approach  can  be 
of  great  value. 
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WIDE  BAUD  NOISE  INTERFERENCE 
IN  THE  HF  SPECTRUM 
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N.  C.  Gerson,  Vice  Chairman,  Arctic  Committee,  USNC  for  the  IGY 
C.  L.  Gandy,  Department  of  Defense 

Abstract.  -  The  higli  frequency  radio  apiectnm  is  pemeated  by  wide  band 
noise  phenomena  which  goes  unnoticed  by  many  radio  noise  measuring 
techniques.  As  a  result  of  exploration  into  broad  band  communication 
systems,  the  incidence  and  characteristics  of  three  of  the  most  common 
wide  band  Interference  phenomena  were  studied  and  certain  measurements 
of  their  characteristics  have  been  made.  The  three  noise  sources  are 
lightning  discharges,  automotive  ignition  and  broad  band  sweepers.  The 
latter  type  of  interference  yas  studied  in  some  detail  and  the  results 
of  a  world-wide  spectrum  sampling  effort  is  reported.  Several  different 
display  techniques  were  used.  Initial  problems  of  interpretation  of 
these  records  are  of  more  interest  in  form  than  in  fact  as  shovm  by  the 
Interesting  wood  grain  patterns  obtained. 

The  significance  of  wide  band  noise  on  both  narrow  bond  and 
wide  band  data  systems  is  dlsciissed. 

I.  INTRODUCTION 

This  paper  presents  for  those  who  are  not  familiar  with  wide 
band  spectrum  work  in  the  hlgli  frequency  radio  region,  some  new  insight 
into  the  phenomena  of  certain  wide  band  spectrum  noises.  Investigations 
of  wide  beind  noise  are  a  natural  outgrowth  of  t}ie  argument^  and  the 
necessity  for  utilizing  all  of  the  available  spectrum.  One  side  of  the 
argument  favors  spread  spectrum  communication  techniques.  Systems  using 
such  technology  are  being  developed  and  tested  experimentally. 

II.  BASIC  DISCUSSION 

Interest  in  the  characteristics  of  the  noise  environment  in 
which  such  systems  must  oixiratc  is  a  natural  follo\;  on.  It  is  not  the 
desire  here  to  discuss  s/N  relationships  in  wide  band  and  narrow  band 
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cases,  but  rather  to  discuss  some  of  the  differences  in  the  noise 
problems  of  the  two  cases. 

Noise  is  considered  in  this  paper  as  related  to  the  wide  band 
studies  to  be  any  energy  within  the  received  bandwidth  which  did  not 
originate  as  transmitted  signal  energy.  In  other  words,  any  distortions 
of  the  signal  energy  spectral  components  are  considered  a  transmission 
path  or  receiver  circuit  characteristics  and  are  not  considered  as  noise 
This  leaves  basically  three  sources  of  noise  to  consider;  Gaussian  noise 
interfering  narrow  band  noise,  and  wide  band  noise. 

Wide  band  h-f  communication  technology  often  implies  the  xise 
of  short  duration  signal  elements  requiring  wide  spectra  in  the  order  of 
himdreds  of  kilocycles  for  their  transmission.  The  signal  energy  in  any 
narrow  band  of  frequencies  within  this  spread  spectrum  is  very  low  - 
which  is  true  also  for  the  white  noise  energy  in  the  restricted  band. 
However,  the  total  signal  energy  in  the  wide  band  spectrum  is  cor- 
relatable,  whereas  the  noise  energy  is  not.  Since  Gaussian  noise  is 
the  property  of  the  world's  statisticians,  I  can  leave  that  noise  in 
my  presentation  here.  In  the  narrow  band  signaling  situation  wide  bemd 
impulsive  Interference  provides  only  a  small  amount  of  the  total  noise 
energy  due  to  the  narrow  bandwidths  used  in  narrow  band  receiving 
systems. 

Although  the  narrow  band  signaling  noise  is  not  of  much 
concern  in  the  results  of  our  investigations,  some  discussion  of  their 
effect  on  wide  band  spread  spectrum  communication  is  in  order.  The 
narrow  band  Interfering  noise  spectral  energy  (QRM)  very  heavily  masks 
certain  energy  components  of  the  wide  band  signal.  However,  unless 
the  spread  spectrum  was  really  clobbered  with  narrow  band,  high  powered 
interference  sources  only  a  minor  number  of  the  total  spectral 
components  would  be  affected. 

The  main  purpose  of  the  investigation  of  vide  band  spectral 
noise  on  iihlch  this  paper  is  based  was  to  determine  the  extent  and 
characteristics  of  the  thini  noise  source,  vride  band  noise.  Many  such 
sources  can  be  easily  conjectured,  automotive  ignition,  motor  commutator 
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arcing,  welding  arcs,  Industrial  processes,  sweeping  and  stepping 
Ionospheric  sounders,  and  many  others.  In  fact,  every  time  a  circuit 
of  any  kind  is  energized  or  de-energized  there  is  a  wide  hand  field 
produced.  Certainly  most  of  these  circuits  have  s\ich  low  energizing 
and  de-energlzlng  levels  and  such  poor  coupling  characteristics  to 
radiating  parts  and  such  poor  radiation  characteristics  that  fortunately 
the  greatest  part  of  these  fall  Into  a  local  interference  cl^ss  or  below 
ambient  noise  and  thus  do  not  affect  the  problem  at  hand.  Those  sources 
which  unfortultoi;iBly  overcome  all  the  hindrances  stated  are  space 
radiated  as  wide  band  noise  and  mxist  be  considered. 

If  one  could  imagine  every  arcing  source  radiating 
sufficiently  to  be  detected  and  with  each  an  independent  probability 
event,  then  we  wo\ild  have  to  stop  experimenting  and  also  give  this 
problem  back  to  the  statisticians. 

III.  EXPEKEMENTAL  RESULTS 

The  work  reported  on  here  was  started  in  1958  in  conjunction 

with  IGY  lonosplieric  studies  for  wide  band  extraterrestrial  noise 
2  o 

sources. The  initial  studies  were  accomplished  by  using  standard 
radio  receiver  equipments  characterized  by  Figure  1. 

What  was  determined  from  these  simple  listening  tests  was 
that  over  a  very  wide  range  of  h-f  frequencies  there  were  both  simul.- 
taneous  noise  burets  and  noise  phenomenon  with  an  apparent  time  delay 
as  a  function  of  frequency.  Tlie  latter  type  of  noises  existed  in 
such  a  variety  of  modes  that  subjective  aural  identification  was  con¬ 
sidered  extremely  inaccurate.  In  some  cases,  repetitious  character¬ 
istics  were  noted  which  required  time  storage  and  strained  aural 
recall.  Stop  watch  measurements  were  used  to  convince  the  experimenters 
that  these  noises  were  of  a  quasi -repetitious  nature. 

The  next  step  of  the  experiment  was  a  modified  h-f  receiver 
with  a  swept  VFO  sweeping  the  wide  band  i-f  pass  band.  The  detected 
i-f  envelope  was  used  to  intensity  modulate  a  CRO  (Figure  g).  Tlie  sweep 
rate  of  the  system  was  7  sweeps  per  second  and  the  film  advance  rate  was 
set  at  approximately  7  in. /min.  Tl;e  r-f  band  pass  of  the  receiver  was 
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broadened  to  about  100  kc.  The  results  usins  this  device  were  startling 
to  say  tlie  least  as  will  be  shown  later  in  the  discussion.  At  the  same 
time  the  results  (obtained  in  the  Vfashlngton,  D.  C.  area)  from  this 
device  were  being  studied,  a  sojaiisticated  h-f  smnpling  equipnent  was 
being  employed  in  the  San  Francisco  Bay  area  and  the  results  were 
already  being  studied.  Figure  3  is  a  functional  block  diagram  of  the 
sophisticated  system. 

The  resiilts  from  the  West  Coast  studies  revealed  the  existence 
of  h-f  radiated  phenomena  iidiich  have  been  nicknamed  "h-f  sweepers"  and 
"noise  trains"  by  the  experimenters.  Both  of  these  names  are  repre¬ 
sentative  of  the  main  characteristics  of  these  phenomena. 

Wide  band  noises  were  broken  do\ni  into  various  classes  and 
sub-classes,  which  are  dependent  on  the  instrumentation  and  the  500  kc 
spectrum  limitation.  For  example,  the  sWeepers  are  called  a  phenomena 

and  are  divided  into  fovir  sub-classes  as  described  by  the  form  of  the 
5  f 

time  derivative 

linear 

approximately  exponentla] 

apparently  varying  continuously  (e.g.,  cubic) 
discontinuo\:is  and  other  anamolous  types 
Figures  ^,5;6  and  7  show  samples  of  these  phenomena.  Figure  8  is  a 
strip  of  a  very  disturbed  pariod  which  almost  belongs  to  the  statlstl- 
cleuis. 

These  phenomena  evidence  repeated  patterns  of  activity,  for 
short  periods  of  time,  such  that  it  was  possible  to  tune  the  wide  band 
system  during  the  repeated  conditions  in  order  to  track  the  extent  of 
the  frequency  excursion.  This  provided  data  which  indicates  that 
sweepers  are  extremely  wide  band  phenomena  extending  well  beyond  a  total 
excursion  of  I.5  mc/s.  Figure  9  is  a  composite  of  one  case  investigated. 
The  plienomena  wlilch  to  the  observer  has  an  apparent  instantaneous  wide 
band  ^  characteristic  is  called  a  g  phenomena.  Figure  10.  It  is 
possible  that  these  phenomena  are  piroduced  by  such  sourcos  as  ignition 
systems  or  in  some  cases  are  actually  t]ie  initial  section  of  B^;eeTorB 


“1 

“3 
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which  was  proven  to  be  true  when  film  speed  was  advanced.  Sub-cases  for 
the  p  liienomena  are : 

isolated  event 

P  mviltiple  event  (over  a  time  interval  less  than  1 

second) 

p^  repeated  or  repetitious  events 

These  previous  data  were  from  a  set  of  5  minute  samples  made 
20  Feb  1959  from  l8.0  mc/s  to  27*25  mc/s.  Sweepers  were  first  noted  in 
the  20.5  to  21  mc/s  band  and  thereafter  in  increasing  numbers  up  to  the 
top  of  the  test  spectrum.  Such  phenomena  have  been  observed  at  otlier 
times  down  to  3  mc/s  and  up  to  35  mc/s,  althouj^  the  peak  of  activity- 
lias  been  generally  concentrated  around  26  mc/s.  Results  of  investiga¬ 
tions  made  on  a  world-wide  basis  indicate  that  the  sources  of  inter¬ 
ference  are  widespread.  As  many  as  4,000  sweepers  per  hour  have  been 
counted,  l^ypical  counts  and  diurnal  variations  occur  as  shown  in 
Figure  11.  Considering  sky  \ta.ye  propagation  and  -bhe  vagaries  of  the 
sources,  it  is  almost  Impossible  -to  draw  any  positive  proof  type  con¬ 
clusions  about  -the  diurnal  variations  from  these  da-fca.  Two  of  the 
possible  explanations  are:  First,  that  the  variations  occur  as  a  result 
of  the  vertical  lobe  pattern  of  -the  antenna,  which  in  turn  would  require 
the  signal  to  essentially  be  of  solar  origin.  This  has  been  discounted 
by  other  observed  phenomena  related  -to  the  signal  structure.  Second, 
that  there  are  many  sources  spread  over  -the  world's  industrial  centers 
and  -that  -the  number  observed  increase  as  the  F-2  path  between  the 
source  and  -Uie  receiving  si-fce  supports  propagation  at  the  observed 
frequencies. 

The  higher  frequency,  l.e.,  25  to  26  mc/s  predominance  of  tlie 
sweepers  indicates  tliat  if  the  second  cause  is  -the  correct  explanation, 
then  -the  sources  in  all  likelihood  have  a  maximum  o-ver-all  radiation 
characteristic,  i.e.,  the  combination  of  r-f  source,  coupling  coeffi¬ 
cients  and  radiation  efficiencies  favor  these  higher  frequencies.  This 
is  not  necessarily  a  valid  assumption  since  -Uie  D-layer  absorption,  path 
geometry,  critical  frequency,  launch  angle  and  many  other  factors  would 
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have  to  he  kno'wn  for  a  positive  assertion  on  this  point.  Figure  12 
shows  a  set  of  data  typical  of  tlie  distribution  of  sweepers  over  the 
20  to  30  mc/s  frequency  band. 

The  most  plausible  explanation  of  the  source  of  these  sweepers 
is  that  they  are  produced  by  Industrial  processes  which  use  large  energy 
r-f  inductive  or  dielectric  heating  or  molding  processes  which  change 
frequency  as  the  item  being  processed  changes  in  e.g.,  shape,  dielectric 
constant,  or  heat  content.  This  possibility  is  borne  out  by  the  f-m 
modulation  which  is  found  on  many,  but  not  all  sweeper  signals.  European 
data  quite  naturally  gave  peaks  at  50  cps,  U.S.  data  at  60  cps,  and 
Japanese  data  a  fair  amount  of  both,  but  mostly  50  cps.  A  great  number 
of  sweepers  are  f-ra  modulated  with  fixed  low  frequencies  (3OO  cps  was 
limit  of  observation)  other  than  50  or  60  cps  or  with  randomly  varying 
low  frequencies.  D/F  bearings  from  Washington  indicated  the  source  to 
be  emanating  from  about  NW;  whereas  bearings  from  the  San  Francisco  area 
Indicated  the  source  to  be  approximately  NE.  Unfortunately,  a  co¬ 
ordinated  D/F  program  was  not  made  and  whether  the  sweepers  were  from  a 
common  source  was  not  ascertained.  Further  D/P  work  is  planned  using 
simultaneous  recording  and  D/F  bearing  data. 

The  other  major  characteristic  is  the  sequence  of  sweepers 
5  f* 

with  almost  identical  These  "sweeper  trains"  were  thorouglily 

investigated  for  frequency  dispersion.  None  was  found  and  thus  it  can 
be  tacitly  assumed  that  each  sweeper  observed  in  a  train  is  separately 
generated.  Figure  I3  shows  the  results  of  the  time  measurements  of  a 
typical  sweeper  train.  Altliough  a  deviation  of  ±  10^  from  the  mean  time 
was  noted  for  almost  all  sweeper  trains,  some  trains  showed  a  wider 
variation,  approaching  t  20^.  This  was  noted  mostly  where  T^  was 
greater  than  10  seconds. 

Tvro  major  problems  arose  in  the  vrork  associated  with  these 
studies.  One  is  tiiat  wide  band  noise  studies  require  narrow  band 
nncillaries  for  a  completely  instrumented  stutly.  The  experimental  wide 
band  v/ork  v/lth  its  nev/  look  at  the  cpcctncii  was  of  so  much  interest  in 
the  early  pliases  of  this  work  that  the  narrow  band  f-m  characteristics 
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were  practically  overlooked.  The  first  experiments  were  narrow  band,  and 
f-m  modulation  was  looked  for  but  was  not  found.  Figure  l4  is  a 
spectrograjii  from  one  of  these  non-modulated  sweepers.  It  was  at  the 
suggestion  of  Mr.  Watts,  CRPL,  who  had  observed  6o  cps  f-m  modulation 
on  narrow  band  spectrograph  records,  that  the  further  modulation 
studies  and  results  previously  mentioned  were  made. 

The  second  problem  was  the  discovery  of  a  new  signal  which 
appeared  to  be  a  multi-valued  frequency  function  with  time  which  showed 
up  in  the  second  system  used  Figure  2.  This  signal  was  nicknamed  "wood 
grain",  as  you  can  understand  from  Figirre  I5.  This  plienomena  resui-ts 
from  wide  band  3  type  noise  sources,  however,  the  peculiar  pattern 
obtains  due  to  the  fact  that  the  %ride  band  noise  repetition  rate  is 
varying  at  a  rate  very  close  to  the  sweep  rate.  Due  to  the  wide  band 
characteristic,  every  time  a  pulse  occurs,  a  sample  is  recorded  on  the 
output  since  all  frequencies  are  instantaneously  energized.  The 
detected  r-f  envelope  from  a  narrow  band  receiver  sounds  like  the 
typical  noises  of  an  automotive  ignition  system.  Calculation  of  10 
pulses/sweep  at  a  7  sweep  per  second  rate  gives  4,200  pulses  per  minute. 
For  example,  an  8  cylinder  car  would  then  be  turning  a  quarter  of  this 
rate  or  1,050  rpa.  It  is  possible  that  these  signals  are  of  local 
origin  and  account  for  the  occasional  hif^  density  of  p  phenomena, 
however  no  positive  correlation  ms  found  during  a  limited  test  period 
with  dense  traffic  activity.  In  fact,  some  of  the  strongest  signals 
occurred  in  the  early  morning  hours  when  the  traffic  pattern  in  the 
vicinity  of  the  Washington  test  site  was  at  a  minimum. 

IV.  CONCLUSIONS 

There  are  still  a  number  of  unexplained  phenomena  in  the  hnf 
spectrum  as  seen  througji  tlie  eyes  of  wide  band  receiving  and  display 
systems.  Tliere  are  stlil  unanswered  questions  concerning  the  a  tyi^e 
sweejiers  which  are  open  to  further  research.  Several  of  these  questions 
follow : 

a.  Wliat  are  the  actual  sources  of  sweepers,  l.e.,  arc  they 
man  made  or  natural  phenomena; 
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h.  If  natural  phenomena,  are  they  terrestrial  or  extra¬ 
terrestrial? 

0.  If  the  jtoenomena  is  man  made,  can  it  he  eliminated? 

d.  What  are  the  error  producing  effects  of  sweeper  inter¬ 
ferences  on  various  types  of  communications? 

e.  What  error  alerting  or  correcting  schemes  can  be  employed? 
For  example,  r-f  band  filters  above  the  desired  signal  spectrum  could 
be  used  to  deve.lop  alerts  that  interference  will  occur  or  to  inhibit 
circuit  functions. 
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FIGURE  1 

SIMPLE  WIDEBAND  NOISE  MONITOR 


VSO  OUTPUT 

FIGURE  2.  SWEPT  H.F.  RECEIVER  FOR  SWEEPER  STUDIES. 


FIGURE  3 

500 KC  BANDWIDTH  RECEIVER-RECORDER  SYSTEM 
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SWEEPER.  DISTURBED  CONDITION 
FIGURE  • 


NUMBER  OF  SWEEPERS / HOUR 


404 


I/II/60 


2'30  LST.,  W.DC 


26.5  mc/s 


narrow 

BF  “  80  kc/sec. 


0.6  second 


FIGURE  14.  UNMODULATED 
SWEEPER  SPECTROGRAPH 
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NEW  METHOD  OF  INSERTION  LOSS  MEASUREMENT  OF 
R.  F.  FILTERS  UNDER  RATED  LOAD  CONDITIONS 
BETWEEN  14  KC  TO  1000  MC,  AND  HIGHER 

Jo  Co  Klouda 

Elite  Electronic  Engineering  Company 
Radio  Interference  Consultants 
Chicago,  Illinois 

Abstract*  -  A  different  approach  to  measuring  the  insertion  loss 
of  RoFo  filters  under  rated  load  other  than  that  used  in  MIL-STD- 
22OA0  This  method  is  especially  adaptable  for  use  in  both  the 
design  laboratory  and  piroduction  line  testingo  Tests  on  filters 
can  be  made  with  rated  D.Co  or  A.C.  current  flowing  in  them. 

The  frequency  range  through  which  the  insertion  loss  can  be  meas¬ 
ured  is  14  KC  to  1000  MCo  Frequencies  above  1000  MC  are  being 
investigated,  and  from  the  results  of  present  tests,  the  range 
may  be  extended  to  10,000  MC,  Results  of  tests  made  on  various 
types  of  filters  through  different  frequency  ranges  are  also 
included.  This  includes  tests  made  on  ferrites,  powdered  iron, 
and  moly-perm  materials.  Comparison  test  results  between 
MIL-STD-220  are  shown,  with  the  possibility  of  using  this  pro¬ 
cedure  as  an  alternate  method  of  insertion  loss  measurements 
under  both  no  load  and  rated  load  conditions, 

I.  INTRODUCTION 

In  determining  the  insertion  loss  of  an  R,Fo  line 
filter,  the  effect  of  rated  line  current  on  the  insertion  loss 
is  normally  desired.  This  rated  line  current  can  be  D,C,  or  A.C, 
at  some  power  frequency  such  as  fO  cycles,  or  400  cycles.  De¬ 
pending  upon  the  application  of  the  R.F,  filter,  it  may  be  de¬ 
sired  to  know  what  effect  the  line  current  has  between  the  fre¬ 
quency  range  of  14  KC  to  1000  MC,  or  higher.  Considerable 
deviation  of  insertion  loss  from  no  load  to  full  load  may  be  had 
if  saturation  in  one  form  or  another  occurs  in  any  of  the  filter 
elements.  Studies  and  analysis  of  R,Fo  filters  with  varied 
amounts  of  line  current  flowing  through  them  are  highly  desir¬ 
able  in  both  designing  the  filter  and  from  the  quality  control 
standpoint.  This  method  used  in  determining  the  insertion  loss 
characteristics  of  the  RoF,  filter  under  varying  load  currents 
extends  the  frequency  range  through  which  insertion  loss  measure¬ 
ments  may  be  made.  In  turn,  it  gives  a  much  needed  tool  to  both 
the  design  engineer  and  quality  control  specialist.  Several 
problems  encountered  in  coupling  the  R.F.  energy  into  the  filter 
circuit  over  the  broad  frequency  range  is  discussed.  The  amount 
of  line  current  can  be  continuously  varied  from  aero  to  100 
amperes  or  more,  depending  upon  the  availability  of  the  power  source, 

II,  DESIGN  OF  EQUIPMENT 

The  basic  equipment  design  consists  of  provisions 
for  an  incoming  R.F,  signal  from  the  signal  generator  or  trans¬ 
mitter,  and  an  output  to  be  connected  to  a  receiver  with  a 
calibrated  attenuator.  The  intermediate  portion  of  the  circuit 
is  coupled  to  botli  the  signal  generator  aiid  the  receiver  circuits. 
Included  with  the  intermediate  circuit  is  provisions  for  in- 
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jectirig  the  D.C.  or  AoC.  current  at  low  voltageo  A  variac 
regulates  a  transformer  whose  secondary  is  connected  into  the 
intermediate  circuit «  The  voltage  required  on  the  secondary 
is  normally  only  that  required  to  overcome  the  voltage  drop  of 
the  filter  and  provide  the  necessary  rated  current.  The 
circuit  as  described  in  Figure  1  gives  good  response  between 
the  frequency  range  of  50  MC  to  1000  MC,  For  frequencies 
between  14  KC  and  50  MC,  a  variation  in  the  coupling  networks 
between  the  signal  generator  and  the  intermediate  circuit  and 
the  intermediate  circuit  of  the  receiver  are  required.  Most  of 
the  initial  tests  with  this  equipment  was  done  in  the  current 
areas  of  30  amperes  or  less.  They  were  also  primarily  con¬ 
ducted  at  the  power  frequency  of  60  cycles.  Insertion  loss 
readings,  with  the  test  setup  were  made  on  the  basis  with  and 
without  filter  inserted.  When  a  transmitter  or  high  power 
signal  generator  was  used,  extreme  caution  must  be  used  to 
shield  the  transmitter  from  the  receiver,  A  shielded  enclosure 
or  shielded  cube  provided  excellent  shielding,  and  isolated  the 
transmitter  effectively  from  the  sensitive  calibrated  receiver, 
IIIo  ffiASUREMEHTS  ON  FERRITES  IN 
400  MC  to  1000  MC  FREQUENCY  RANGE 
To  determine  the  effect  of  line  current  on  insertion 
loss  measurements  of  wires  covered  with  ferrite  beads  and 


ferrite  sleeving,  the  frequency  range  of  400  MC  to  1000  MC  was 
selected.  It  is  in  this  range  where  these  ferrite  materials 
are  normally  used  on  filament  leads,  i-  leads,  and  other 
control  leads  emanating  from  a  given  j.iece  of  equipment.  The 
idea  of  the  ferrite  beads  or  sleeves  i  to  eliminate  the  high 
frequency  interference  that  may  be  present  on  these  leads. 

Some  filament  leads  may  carry  currents  as  high  as  20  or  30 
amperes.  One  type  of  ferrite  was  tested,  as  an  example,  over 
the  frequency  range  of  400  MC  to  1000  MC,  The  ferrite  was 
housed  in  a  completely  shielded  coaxial  device  with  type  N 
connectors  on  the  input  and  output.  The  reason  for  this  was  to 
eliminate,  as  much  as  possible,  any  variations  which  may  be  due 
to  the  R,Fo  signal  leaking  around  the  ferrite  itself.  At  a 


frequency  of  500  MC,  with  no  load  current  flowing,  it  was  found 
that  the  insertion  loss,  due  to  the  ferrite  material,  was  35,6DB, 
As  the  current  was  increased  in  two  ampere  steps,  the  effective 
insertion  loss  of  the  ferrite  element  decreased.  At  14  amperes 
the  insertion  loss  had  dropped  to  a  value  of  20,5  DB,  At  600  MC 
the  insertion  loss  at  no  load  was  45  D3,  At  a  15  ampere  load  it 
had  dropped  to  UB,  Similarly  at  1000  MC  the  no  load  insertion 


loss  figure  was  56  JB,  while  at  a  current  of  15  amperes  the  inser¬ 
tion  loss  had  again  dropped,  this  time  to  40  DB,  Figures  2  and 
3  show  the  effective  drop  in  insertion  loss  in  the  filter 


between  no  load  and  15  amperes.  Tests  were  then  performed  on 
other  types  of  ferrites  with  a  smaller  insertion  loss  being 
measured  with  current  flowing. 


Results  of  Insertion  Loss  Tests  on  Ferrite  Sleeve 
with  Various  Line  Current  Flowing 


Frequency 

No  Load 

5  Amp. 

10  AmPo 

15  Amp 

500  MC 

35o6  DB 

30o5  DB 

23 o8  DB 

19  DB 

600  MC 

45oO  DB 

37.0  DB 

30o0  DB 

26  DB 

800  MC 

50.0  DB 

44o0  DB 

37o0  DB 

32  DB 

1000  MC 

56o0  DB 

50o0  DB 

44cO  DB 

40  DB 

Results  of  Insertion  Loss  vs.  Load  Current 
at  a  Frequency  of  500  MC  on  Ferrite  Sleeve 

60  cpso  Current _ Insertion  Loss 


0  Amperes 
2  amperes 

4  amperes 
6  amperes 

5  amperes 
10  amperes 
12  amperes 
14  amperes 


35o6  DB 

34.8  DB 
32.0  DB 
29.0  DB 
26.0  DB 

23.8  DB 
22.0  DB 
20.5  DB 


IV.  EFFECT  OF  CURRENT  FLOWING  IN  PIE  SECTION  FILTER 
WITH  FERRITE  ROD  INDUCTOR 


A  miniaturised  pi-filter  with  a  ferrite  rod  inductor 
was  checked  between  the  frequency  range  of  150  KC  to  1  MC. 

Check  points  were  made  at  150  KC,  300  KC,  and  1  MC.  Under  no 
load  conditions  the  insertion  loss  was  7/  DB,  65  DB,  and  84  DB 
respectively.  As  the  current  was  increased  the  attenuation 
droppe  d  until  at  5  amperes  the  insertion  loss  at  150  KC  was 
5B  DB,  at  300  KC,  49  DB,  and  at  1  MC,  67  DB.  Figure  4  shows 
the  curve  of  this  test  filter  at  no  load,  1  ampere,  2  amperes, 

3  amperes,  4  amperes,  and  5  amperes.  It  can  be  seen  that  the 
insertion  loss  of  the  filter  network  becomes  progressively 
poorer  as  the  current  is  increased.  From  the  results  of  these 
tests  it  can  be  seen  that  if  the  insertion  loss  of  the  filter 
is  required  to  remain  constant  over  a  given  current  range, 
this  equipment  is  a  very  useful  tool  in  making  checks  on 
various  designs  of  inductance  coils.  A  small  test  fixture  could 
be  setup  and  various  inductance  coils  plugged  in  to  determine 
which  one  will  satisfactorily  meet  the  requirements  of  the 
particular  suppression  requirement.  Should  other  inductances 
be  used  to  substitute  for  the  original  inductance,  a  check  on 
its  saturation  characteristics  can  be  readily  made  to  determine 
its  acceptibility.  In  this  manner  the  final  product  will  not 
have  deteriorated  due  to  a  substitution  of  a  supposedly  re¬ 
placeable  item. 


Vo  MEASUREMENTS  FROM  14  KC  to  250  KC 
In  determining  the  insertion  loss  of  filters  in  the 


frequency  range  of  14  KC  to  250  KC,  a  change  in  the  coupling 
between  the  signal  generator  and  intermediate  circuits  was 
required o  Another  change  in  the  coupling  network  of  the  inter¬ 
mediate  circuit  to  the  receiver  was  also  in  ordero  This  change 
in  coupling  was  necessitated  to  induce  a  sufficient  amount  of 
RoFo  signal  into  the  intermediate  filter  test  circuit.  The 
equipment  was  setup  using  powdered  iron  cores  and  molybdenum 
permalloy  powder  cores  to  determine  the  effect  of  various 
amounts  of  AoC.  line  current.  Figure  5  is  the  curve  showing  the 
effect  of  various  amounts  of  line  current  on  a  pi-section 
filter  using  powdered  iron  and  molybdenum  permalloy  cores.  It 
is  readily  seen  that  this  equipment  is  a  valuable  tool  in 
determining  the  proper  design  of  inductance  coils  to  be  used  in 
RoF,  line  filters  at  a  given  current  rating. 

Results  of  Insertion  Loss  Tests 
on  n  Filter  Using  Powdered  Iron  Toroid 


Frequency _ No  Load _ 15  Amp, 


14 

KC 

20 

DB 

15 

DB 

40 

KC 

32 

DB 

27 

DB 

Bo 

KC 

41 

DB 

37 

DB 

100 

KC 

49 

DB 

45 

DB 

150 

KC 

60 

DB 

56 

DB 

250 

KC 

6B 

DB 

64 

DB 

VI o  CONSIDERATIONS  TO  BE  MADE 
IN  DESIGNING  INDUCTOR  COILS 


Once  a  given  amount  of  inductance  is  found  to  be 
required  for  a  given  filter  application,  an  inductor  must  now 
be  designed  that  will  meet  all  of  the  inductance  requirements  from 
no  load  to  full  load.  Most  core  manufacturers  give  B-H  curves 
on  the  various  core  material  that  they  have  available.  By 
using  these  curves  and  the  physical  dimensions  of  the  core,  an 
approximation  can  be  made  of  the  number  of  turns  for  a  given 
inductance  at  a  given  current  for  which  the  core  will  not 
saturate,  or  have  only  a  small  percentage  of  saturation,  A 
handy  formula  for  this  determination  is  as  follows:  H»o4nNI 
Where  H  is  in  oersteds,  L  is  magnetic  path  in  centi-  L 
meters,  N  is  number  of  turns,  and  I  is  in  amperes.  Since  the 
formula  is  an  approximation,  a  certain  amount  of  error  is 
present.  To  varify  your  design  figures  a  sample  coil  can  be 
wound  and  tested  at  any  given  current  rating  you  so  desire,  A 
check  of  the  test  coil  can  save  many  hours  in  redesigning  a 
filter  which  does  not  meet  the  attenuation  requirements  of  a 
given  job,  because  of  saturation, 

VII o  COMPARISON  WITH  INSERTION  LOSS  MEASUREMENTS  MJiDE 
AT  NO  LOAD  IN  ACCORDANCE  WITH  MIL-3TD-220 

A  series  of  tests  were  made  on  a  ferrite  sleeve 
filter  using  the  methods  put  forth  by  MIL-3TD-220  under  no  load 
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conditions o  This  same  filter  was  then  tested  under  no  load 
using  the  method  described  in  this  paper  to  again  determine  the 
insertion  loss  at  no  load®  The  results  were  found  to  be  very 
comparable.  Some  discrepancies  were  noted.  Further  investi¬ 
gation  is  being  made  at  this  time  to  detennine  the  nature  of 
these  discrepancies  so  that  this  method  of  measuring  insertion 
loss  may  become  an  alternate  method  to  both  MIL-STD-220,  and 
MIL-STD-220A0  In  this  way  only  one  test  setup  would  be  required 
for  determining  the  insertion  loss  of  filters  under  no  load  or 
rated  load.  RoF.  line  filters  could  more  easily  be  tested  in 
a  practical  installation  such  as  a  shielded  enclosure  by  using 
this  method  of  insertion  loss  measurement.  Not  only  would  the 
filters  be  checked  out  for  saturation,  but  also  for  proper 
mounting  and  R.F.  isolation.  Figure  5  shows  the  test  results 
comparing  the  insertion  loss  of  a  given  filter  using  the 
MIL-STD-220  techniques  and  tie  proposed  techniques  as  described 
in  this  paper. 


VIII o  CONCLUSIONS 

One  of  the  main  advantages  of  this  equipment  to 
measure  insertion  loss  of  R.F,  line  filters  at  rated  current  is 
the  wide  frequency  range  through  which  these  measurements  can 
be  made.  It  gives  the  design  engineer  an  additional  tool  for 
both  high  and  low  frequency  insertion  loss  tests  at  rated  current 
which  before  were  impractical.  In  the  area  of  ferrites  it  can 
give  much  needed  information  as  to  the  characteristics  of 
different  ferrite  materials  when  subjected  to  high  density  mag¬ 
netic  fields  of  low  power  frequencies.  Further  investigations 
are  being  made  at  this  time  to  determine  how  high  in  frequency 
insertion  loss  measurements  can  be  made  at  various  R.F.  filters 
with  rated  line  current  flowing  through  them.  It  is  believed 
that  with  certain  modifications  it  can  be  extended  to  10,000  MC. 
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FIG.  1  BASIC  CIRCUIT  CONFIGURATION  FOR  INSERTION 

LOSS  TESTS 


FERRITE  SLEEVE 


FIG.  3  INSERTION  LOSS  VS.  FREQ.  AT  VARIOUS  LOADS. 


FIG.  4  INSERTION  LOSS  VS  FREQ.  FOR  TOROID 


SPURIOUS  FREQUENCY  MEASUREMENTS  IN  TRANSMISSION  LINES  — 
A  COMPARATIVE  REVIEW  OF  AVAILABLE  TECHNIQUES 


W.  A.  Edson  and  V.  G.  Price 
Electromagnetic  Technology  Corporation 
Palo  Alto,  California 

Abstract.  -  Several  methods  for  measurement  of  spurious  signal  levels  in 
microwave  transmission  lines  have  been  developed  in  recent  years  in  response 
to  a  growing  need  for  control  of  radio  interference.  This  paper  compares 
these  methods  from  the  standpoint  of  accuracy,  speed,  information  content  and 
applicability  to  the  present  spectrum  signature  collection  plan.  To  supplement 
this  review,  some  suggestions  are  given  for  application  of  these  methods  or 
improvements  thereof  to  spectrum  signature  collection,  production  testing  of 
components  and  systems,  and  standards  laboratories.  It  is  believed  that  ap¬ 
plication  of  these  methods  will  contribute  to  the  solution  of  the  overall 
problem  of  controlling  unwanted  radiation  and  reducing  radio  interference. 

I .  INTRODUCTION 

This  paper  is  a  survey  of  several  methods  for  transmission  line 
measurement  of  the  signals  generated  by  high  power  microwave  transmitters. 

For  convenience,  these  signals  are  classified  by  type  as  functional  or 
spurious  and  by  frequency  as  near-band  or  far-band.  The  near-band  frequency 
region  Is  uni-modal  and  extends  from  d.c.  through  the  assigned  operating  band 
to  the  cut-off  frequency  of  the  first  higher-order  mode.  The  far-band  is  the 
multi-modal  region  extending  from  the  upper  edge  of  the  near-band  to  the 
highest  frequency  of  interest.  Measurement  of  the  level  and  frequency  of 
signals  in  the  ncar-band  is  fairly  straightforward  and  is  well  documented. 
Measurements  in  the  far-band  region  are  complicated  by  the  multi-modal 
character  of  signal  propagation;  for  this  reason  emphasis  in  recent  years 
has  been  placed  upon  developing  techniques  for  measuring  far-band  spurious 
power.  Representative  of  such  techniques  are  the  selective  mode  sampler 

method  described  by  Lewis the  electric  probe  analysis  method  of  Forrer  and 
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Tomiyasu;  a  probe  method  for  coaxial  lines  described  by  Knop  and  Cohn; 

a  calorimetric  method  described  by  Price;  and  a  Tee-junction  waveguide 

sampling  method  reported  by  Sharp  and  Jones. ^ 

Figure  1.  illustrates  a  general  measurement  technique  common  to 


all  these  methods.  A  signal  sampling  network  is  installed  in  a  transmission 
line  which  conducts  signals  from  a  high-power  source  to  a  load.  The  level, 
frequency  and  in  some  instances  the  relative  phases  of  the  sampled  signals 
are  the  parameters  to  be  determined  by  measurement.  While  all  of  the  methods 
have  a  common  basic  approach,  they  differ  considerably  in  complexity.  Further¬ 
more  some  of  the  approaches  are  suitable  for  production  type  tests  while 
others  are  better  suited  for  a  standards  laboratory.  In  the  following  para¬ 
graphs  these  approaches  are  briefly  described  and  compared. 

II.  MEASUREMENT  METHODS 


lewis  Method 

The  signal  sampling  network  used  by  Lewis  is  illustrated  in  Figure  2. 
His  method  centers  upon  the  use  of  a  set  of  mode-selective  directional  couplers 
reported  by  Judy  and  Angelakos  and  based  on  the  coupled-wave  theory  of 
Miller.^  Each  of  the  several  directional  couplers  is  designed  to  select 
by  a  phase  discrimination  process  one  particular  mode  which  may  propagate 
at  the  measurement  frequency.  Each  bolometer  attached  to  these  directional 
couplers  may  be  equipped  with  a  transmission  type  wavcmeter  to  select  the 
frequency  of  measurement.  Lewis  found  that  two-hole  couplers  provide  a  usable 
fractional  bandwidth  of  only  about  10%;  however,  there  is  little  doubt  that 
suitably  designed  multi-hole  couplers  could  both  extend  the  bandwidth  and 
improve  the  modal  selectivity. 

Taking  into  account  the  associated  coupler  loss  and  other  calibration 
factors,  the  power  level  indicated  by  each  detector  represents  the  power 
associated  with  a  given  mode.  Therefore,  the  several  modal  powers  at  a  given 
frequency  must  be  summed  to  determine  the  total  power  available  for  radiation. 
The  Lewis  method  offers  a  straightforward  method  for  determining  with  good 
accuracy  the  power  level  of  spurious  signals  in  transmission  lines.  The 
principal  limitation  on  this  method  results  from  difficulties  in  separating 
degenerate  mode  pairs.  Thus  in  practice  this  method  is  limited  to  frequencies 
below  which  no  more  than  five  or  six  modes  car.  propagate.  Within  this  range 
tlie  method  is  adaptable  for  use  in  a  standards  laboratory  as  a  reference  to 
measure  ttie  effectiveness  of  otlier  measurement  schemes. 
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Forrer  and  Tomlvasu  Method 

This  technique,  illustrated  in  Figure  3,  uses  a  series  of  calibrated 
electric  probes  located  in  a  prescribed  manner  on  a  broad  and  a  narrov  wall 
of  a  rectangular  waveguide  to  sample  the  relative  power  level  and  the  phase 
angle  of  the  internal  fields.  Band  pass  filters  are  used  to  separate  the 
particular  harmonic  signals  to  be  measured  from  others  and  from  the  high 
power  fundamental  signal.  The  mathematical  analysis  of  the  raw  data  to  deter¬ 
mine  the  power  level  of  each  mode  propagating  at  the  measurement  frequency  is 
rather  involved;  therefore  a  program  has  been  prepared  for  data  processing 

g 

with  a  digital  computer.  In  this  process  the  computer  performs  a  numerical 
Fourier  analysis  of  the  input  data,  which  is  represented  as  a  set  of  linear 
equations.  Inversion  of  the  matrices  of  these  equations  permits  the  modal 
power  evaluation  to  be  made.  The  output  of  the  computer  is  a  table  of  modal 
power  levels  for  some  particular  frequency,  at  which  data  was  taken.  As  in 
the  Lewis  method,  the  several  modal  power  levels  at  a  particular  frequency 
must  be  summed  to  determine  the  total  power  available  for  radiation. 

Because  this  method  can  provide  an  accurate  determination  of  the 
levels  of  many  spurious  signals  it  is  adaptable  for  use  in  a  standards 
laboratory.  Furthermore,  the  apparatus  may  be  calibrated  to  operate  over  a 
wide  band  of  frequencies.  However,  the  need  for  a  digital  computer  for  data 
reduction  is  a  serious  disadvantage.  Another  disadvantage  is  the  lack  of 
sensitivity.  To  avoid  ionization  or  breakdown,  it  is  necessary  that  electric 
probes  inserted  through  the  broad  wall  extend  Into  the  waveguide  only  a  very 
short  distance.  Such  probes  operate  at  coupling  losses  in  the  range  of  40 
to  60  db . 

Tills  method  may  be  used  up  to  frequencies  for  which  no  more  than 
about  30  modes  may  propagate.  This  limitation  occurs  as  a  result  of  the 
need  for  matrix  Inversion.  The  order  of  the  matrices  increases  with  modal 
number  and  when  the  order  of  the  matrix  is  high,  small  inaccuracies  in  the 
measured  data  are  exaggerated  by  the  Inversion  process. 

Knop  and  Cohn  Method 

This  method,  illustrated  in  Figure  4,  samples  spurious  signals  in 
coaxial  transmission  lines,  as  contrasted  to  the  rectangular  waveguides  of 


the  two  previous  methods.  Except  for  details  associated  with  the  geometry 
of  the  probe  section  it  is  identical  with  the  method  described  by  Forrer  and 
Tomlyasu.  The  Knop  and  Cohn  method  is  attractive  because  in  typical  situations 
a  coaxial  line  propagates  fewer  modes  than  does  a  rectangular  waveguide. 
Therefore,  fewer  measurements  need  to  be  made,  and  the  mathematical  analysis 
is  considerably  less  tedious.  Often,  through  the  second  and  third  harmonic 
only  two  or  three  modes  propagate.  At  frequencies  where  more  than  two  or 
three  modes  can  propagate  it  is  convenient  to  use  a  computer  to  reduce  the 
data.  The  foundation  for  a  computer  program  for  the  coaxial  line  case  is 
given  in  reference^. 

Price  Method 

This  measurement  technique  utilizes  a  series  of  multi-modal  absorp¬ 
tive  filters  to  withdraw  from  the  main  transmission  line  all  of  the  power 
being  propagated  within  certain  chosen  bands  of  frequencies.  The  power 
abstracted  in  each  band  is  dissipated  in  a  liquid  cooled  load  in  which  a 
temperature  rise,  relatable  to  the  dissipated  power  may  be  observed.  The 
measurement  scheme  is  illustrated  in  Figure  5.  The  filter  used  to  separate 
the  spurious  frequency  power  in  a  particular  band  must,  of  course,  be 
effective  for  each  modal  signal  which  propagates  within  the  band.  A  leaky- 
wall  filter  proved  to  be  satisfactory  for  this  function. 

This  calorimetric  method  is  substantially  different  from  the 
preceding  sampling  approaches  in  that;  no  modal  information  need  be  determined, 
the  sample  comprises  100%  of  the  available  power  in  the  measurement  band,  and 
the  method  is  completely  independent  of  load  VSWR  at  the  measurement  frequency. 
The  lack  of  Identification  of  modal  power  levels  is  not  an  important  disad¬ 
vantage  in  most  cases  because  of  the  many  mode  conversions  produced  in  the 
plumbing  systems  of  typical  transmitters.  In  fact,  since  total  power  in  a 
frequency  band  is  measured,  one  can  use  a  single  indicator  to  read  the  power 
level.  Tills  method  does,  however,  have  several  significant  limitations: 

1.  Identification  of  the  frequency  of  measured  signals  is  not  precise,  2.  the 
use  of  a  liquid  calorimetric  medium  is  not  convenient  for  integrating  the  powers 
absorbed  at  various  locations  on  the  waveguide  and  3.  the  sensitivity  of  tlie 
method  is  not  satisfactory. 
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With  further  refinements  (for  example,  controlled  Peltier  cooling 
could  be  used  to  replace  a  liquid  calorimetric  fluid)  this  method  could 
prove  valuable  in  situations  where  the  load  VSWR  at  the  measurement  frequency 
is  high.  Day-to-day  monitoring  of  the  output  of  an  operational  transmitter, 
for  example,  might  be  accomplished  with  this  technique. 

Sharp  and  Jones  Method 

Sharp  and  Jones  reported  a  waveguide  sampling  section  in  which  a 
set  of  Tee-Junctions  are  used  to  sample  a  small  portion  of  the  spurious 
power  propagating  within  the  main  transmission  line.  Their  method  is  illus¬ 
trated  in  Figure  6.  In  this  figure  a  set  of  secondary  waveguides  Incorporating 
band  pass  filters  are  mounted  perpendicular  to  a  main  waveguide  and  coupled 
to  the  internal  fields  by  means  of  narrow  resonant  Irises.  The  number  and 
position  of  the  secondary  waveguides  depends  upon  the  number  of  modes  propa¬ 
gating  at  the  frequency  band  under  measurement.  One  group  of  secondary 
waveguides  is  used  to  measure  signals  representing  the  second  harmonic 
frequency.  Ocher  groups  are  used  for  the  third  and  fourth  harmonics.  These 
groups  are  located  so  that  the  highest  frequencies  (corresponding  to  the 
smallest  Irises)  are  near  the  source  and  the  lower  frequency  waveguides  are 
near  the  load. 

The  measurement  procedure  with  this  method  is  to  attach  a  bolometer 
mount  successively  to  each  secondary  waveguide  and  record  the  power  observed. 

An  average  is  then  made  of  the  powers  thus  sampled  to  obtain  the  level  of 
average  spurious  power  at  a  particular  frequency.  If  the  signal  is  pulsed 
rather  than  continuous  the  peak  power  may  be  determined  from  the  PRF  and 
pulse  width.  Caution  is  necessary,  however,  because  the  spurious  frequency 
pulse  envelope  is  not  usually  the  same  as  that  for  the  carrier. 

Advantages  of  the  Sharp  and  Jones  method  which  make  it  attractive 
are  its  high  sensitivity,  its  capability  of  measurement  up  to  the  fifth  and 
sixth  harmonic  region  and  its  insensitivity  to  load  VSWR  if  enough  secondary- 
waveguides  are  used  in  each  group.  The  use  of  calibrated  attenuators  in  the 
secondary  waveguides  permit  adjustment  of  the  sensitivity  of  the  sampling 
section  to  read  both  very  high  power  spurious  signals  as  well  as  weak 
calibration  signals.  Disadvantages  in  the  method  are  found  in  the  need  for 
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connecting  the  power  indicating  meter  successively  to  each  of  the  several 
secondary  waveguides  and  in  its  reported  accuracy  of  +  3  .to  +  5  db.  The 
former  limitation  could  be  removed  by  using  an  integration  device  to  sum  and 
average  the  outputs  of  each  bolometer  mount  in  a  given  group.  This  would 
allow  a  single  meter  to  read  the  average  power  level  in  a  particular  band. 

The  latter  limitation  could  be  removed  by  the  use  of  tapered  transitions  to 
change  the  dimensions  of  the  measurement  section  so  that  no  mode  is  at  cut-off 
in  the  measurement  frequency  baud. 

III.  COMPARISON  OF  METHODS 

The  various  transmission  line  measurement  methods  described  in  the 
preceding  sections  may  now  be  compared  on  the  basis  of  accuracy,  speed, 
information  content  and  applicability  to  present  and  future  needs.  These 
characteristics  are  considered  in  turn  in  the  following  paragraphs. 

To  make  the  comparison  meaningful  it  is  necessary  to  assume  a 
uniform  set  of  conditions.  It  is  assumed  that  the  fundamental  frequency  is 
1300  me,  that  the  measurement  frequency  range  extends  to  3000  me,  that  the 
load  is  well  matched  to  all  modes  which  propagate  in  this  range,  and  that  a 
30  db  signal-to-noise  ratio  for  the  detectors  is  maintained. 

Accuracy 

Exact  data  on  the  limiting  accuracy  of  the  various  measurement 
methods  is  still  lacking.  The  values  indicated  in  Table  I  are  those  reported 
in  the  literature  or  represent  the  present  authors'  estimates  of  the  state 
of  the  art.  They  do  not  represent  the  ultimate  accuracies  attainable  by  any 
of  the  methods . 


Table  I  -  PRESENT  ACCURACY  LIMITS 


Method 

Range 

Lewis 

+  1  db 

Forrer-Tomiyasu 

+  1  db 

Knop-Cohn 

+  1  db 

Price 

+  5  db 

Sliarp -Jones 

+  3  db 
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Speed 


To  compare  trhe  speed  of  the  various  measurements  we  have  estimated 
the  number  of  manhours  required  to  make  a  complete  transmission  line  test 
from  set-up  to  data  reduction.  These  figures  do  not  include  the  number  of 
manhours  required  to  operate  the  transmitter  used  as  source  of  signal  but 
only  those  actually  used  in  performing  measurements  and  reducing  data.  A 
quantitative  comparison  of  the  various  measurement  methods  is  given  in  Table  I 


Table  II  -  TIME  IN  MAN  HOURS 


Method 

Set-Up 

Test 

Cali¬ 

brate 

Reduce 

Data 

Total 

Lewis 

1 

1/2 

2 

1/2 

4 

Forrer-Tomiyasu 

2 

1 

3 

3  * 

9 

Knop-Cohn 

1 

1/2 

1 

1 

3-1/2 

Price 

1 

1/4 

1 

1/4 

2-1/2 

Sharp -Jones 

*  Includes  computer 

1 

time  on 

3/4 

IBM-704  or 

2 

equivalent , 

3/4 

4-1/2 

Information  Content 

The  several  measurement  methods  differ  substantially  in  the  amount 
of  information  made  available  about  the  spurious  signals  measured.  Three 
types  of  information  are  listed  in  Table  III  for  this  comparison.  These  are 
power,  frequency  and  type  of  presentation.  Under  power  the  methods  are 
compared  as  to  whether  individual  or  total  modal  powers  are  determined  at  a 
particular  spurious  frequency.  Under  frequency,  the  methods  are  compared  as 
to  the  accuracy  of  spurious  frequency  measurement.  Under  presentation,  the 
methods  are  compared  by  the  type  of  read-out  device  useful  for  the  measurement 
k  bolometer,  for  e.xample,  would  Indicate  the  average  power  level  sampled  while 
an  oscilloscope  presentation  would  permit  indication  of  pulse  shape  as  well 
as  peak  power. 
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Table  III  -  INFORMATION  CONTENT 


Method 

Power 

Exact 

Freauenev 

Presentation 

I.ewis 

modal 

yes 

Bolometer  or  scope 

Forrer-Toralyasu 

modal 

yes 

scope 

Knop-Cohn 

modal 

yes 

scope 

Price 

total 

no 

calorimeter 

Sharp-Jones 

total 

yes 

Bolometer  or  scope 

Applicability 

One  of  the  purposes  of  this  comparative  review  has  been  to  consider 
the  applicability  of  some  transmission  line  measurement  methods  to  the 
spectrum  signal  collection  plan  now  being  implemented  by  the  Department  of 
Defense.  As  the  plan  now  exists,  there  are  no  requirements  to  test  trans¬ 
mitters  by  a  transmission  line  method  if  multimodal  propagation  may  occur 
in  the  line  below  12  Gc.  Accordingly  the  plan  has  no  direct  requirement  for 
any  of  the  methods  presented  herein.  However,  the  use  of  valid  transmission 
line  tests  either  in  conjunction  with  an  open  field  test  or  in  a  closed 
system,  may  greatly  simplify  the  part  of  the  plan  concerned  with  far-band 
spurious  frequencies. 

To  illustrate  this  conjecture  consider  an  open  field  test  associated 
with  a  simultaneous  transmission  line  measurement  of  both  near  and  far-band 
spurious  frequencies.  A  comparison  between  the  far  field  data  and  that 
derived  from  the  transmission  tests  will  provide  a  relationship  between  the 
two  for  the  particular  transmitter  involved.  Subsequent  tests  on  the  same 
transmitter  or  on  additional  transmitters  of  the  same  type  can  then  be  made 
with  a  transmission  line  technique  at  considerable  savings  over  that  required 
for  the  far  field  tests.  Furthermore,  a  day-to-day  monitoring  on  transmitters 
in  ciitical  areas  can  be  made  to  insure  that  a  change  in  spurious  frequency 
generation  has  not  taken  place  with  increase  of  operational  time. 

As  a  separate  matter  closed  system  tests,  using  a  dummy  load,  may 
be  the  only  practical  means  for  measurement  in  the  far-band  of  equipment  on 
some  ships  or  in  other  close-quarter  installations. 

Open-field  tests  using  a  waveguide  transmission  line  sampling 
device  could  be  accomplished  best  using  the  Sharp-Jones  method  modified  to 
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work  properly  with  the  VSWR  expected  in  an  operational  equipment.  The  Knop 
and  Cohn  method,  (also  modified  by  adding  additional  probes  to  account  for 
reflected  waves)  would  be  satisfactory  for  coaxial  line  transmitters. 

The  needs  of  laboratory  tests  to  provide  reference  standards  are 
best  fulfilled  by  the  Forrer  and  Tomlyasu  method  because  of  its  accuracy 
and  wide  frequency  coverage.  Its  sensitivity  limitation  may  be  largely 
overcome  in  a  laboratory  test  since  high  power  signals  would  not  be  Involved 
and  deeper  probe  penetration  is  possible. 

IV.  FUTURE  REQUIREMENTS 

Requirements  for  transmission  line  tests  in  the  future  are  expected 
to  fall  into  three  classes;  1.  open  field  and  closed  system  tests  of 
operational  transmitters,  2.  manufacturing  production  line  tests  of  tubes 
and  filters  to  insure  a  specified  spurious  frequency  performance  and, 

3.  standards  laboratory  reference  measurements. 

In  typical  field  tests  it  will  be  important  to  be  able  to  measure 
spurious  signals  quickly  and  with  a  single-meter  indicating  system.  The 
signal  sampling  system  must  respond  properly  in  spite  of  the  exlstance  of 
substantial  reflected  waves  within  the  system  under  test.  Adequate  directional 
discrimination  will  provide  a  reading  indicative  of  the  forward  propagating 
power  available  for  radiation.  While  an  accuracy  better  than  +  3  db  is 
desirable,  it  is  not  vitally  Important  since  the  power  levels  of  spurious 
frequency  signals  vary  more  than  this  amount  with  transmitter  tuning  and 
with  aging  of  the  tube.  Production  tests  of  tubes  should  be  simple  and 
preferably  accomplished  with  a  single-meter  indicator.  Accuracy  should  be 
+  2  db  or  better  in  this  application.  It  is  desirable  to  provide  a  multi¬ 
modal  matched  dummy  load  for  this  application  to  simplify  the  tests.  Reference 
laboratory  standard  tests  will  have  maximum  accuracy  and  repeatlblllty  as 
primary  objectives  at  the  expense  of  speed  or  convenience.  In  this  applica¬ 
tion  it  will  generally  be  desirable  to  identify  the  modal  signals  propagating 
in  a  line. 


V.  CONCLUSIONS 

Several  transmission  line  measurement  methods  for  determination  of 
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spurious  frequency  power  levels  were  reviewed  and  compared  as  to  accuracy, 
speed,  information  content  and  applicability.  With  minor  improvements 
several  of  these  methods  are  directly  applicable  to  the  DOD  plan  for  collection 
of  spectrum  signatures  and  to  several  new  areas  of  measurement  which  may  be 
expected  to  develop. 
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Figure  1.  Block  Diagram  of  Transmission  Line  Spurious  Frequency 
Measurement  Apparatus. 


Figure  2.  Lewis  Type  Signal  Sampling  Network  With  Two  of  the 
Selective  Mode  Couplers  Illustrated, 


Figure  3.  Forrer  cind  Tomiyasu  Type  Signal  Sampling  Network 
and  Associated  Equipment. 
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Figure  4.  Knop  and  Cohn  Type  Signal  Sampling  Network 
for  Coaxial  Lines. 
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Figure  5,  Price  Type  Signal  Sampling  Network 
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Figure  6. 


Sharp  and  Jones  Typ^*  Signal  Sampling  Network 
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Abstract.  There  appears  to  be  considerable  confusion  over  the  methods  cind 
philosophies  of  grounding,  bonding,  and  cable  treatment  which  will  resvilt  in 
optimimi  interference  reduction.  This  paper  will  present  means  to  minimize 
interference  through  the  proper  selection  and  utilization  of  various  cables,  the 
establishment  of  a  well-bonded  ground  plane,  cind  the  implementation  of  good 
bonding  techniques,  considered  from  the  viewpoint  of  integrated  system 
requirements. 

Bonding  and  grounding  philosophies  and  the  method  of  inter -connecting  equip¬ 
ment  racks,  cabinets,  and  instrumentation  were  investigated.  The  mechanical 
and  electrical  details  for  establishing  a  low  impedance  bond  were  also  studied. 

The  establishment  of  a  grovind  plane  was  required  in  order  to  realize  the  full 
benefits  in  reduction  of  r-f  interference  coupling  and  audio  crosstalk.  The 
relative  advantages  of  single  point  and  multipoint  grounding  philosophies  will 
be  shown  for  radio-and  audio -frequency  applications.  The  use  of  a  multi¬ 
point  ground  system  was  recommended  in  most  cases  because  of  its  superior 
advantages  for  r-f  interference  control. 

The  choice  of  cable,  routing,  shielding,  and  grounding  techniques  that  should 
be  implemented  to  transmit  various  types  of  signals  was  also  considered. 

These  recommendations  were  based  on  tests  performed  on  shielded,  co2ixial, 
and  twisted  pair  cables  to  measure  the  interference  coupling.  The  tests 
covered  60-cycle  power  frequencies,  15  kc  through  29  me  radio  frequencies, 
and  pulsed  signals.  A  fundamental  issue  was  the  optimum  grounding  method 
over  the  frequency  range  of  interest.  The  magnitude  of  shielding  isolation 
that  could  be  achieved  under  various  conditions  of  shield  terminations  was 
also  determined. 
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Applications  will  be  given  to  airborne  and  ground  support  facilities  of  a 
missile  installation. 


1-  INTRODUCTION 

In  recent  years  radio  frequency  problems  have  increased  in  propor¬ 
tion  to  the  increased  complexity  of  missiles  and  electronic  systems.  Tliere 
appear  to  be  many  differences  of  opinion  concerning  the  methods  and  philoso¬ 
phies  which  result  in  optimum  interference  reduction.  Unfortunately,  among 
many  groups  of  engineers  engaged  in  separate  tasks  on  a  large  system,  such  as 
a  missile  and  its  test  complex,  there  is  a  lack  of  a  concrete  or  standardized, 
engineering  approach  to  important  considerations  such  as  equipment  bonding, 
shield  termination,  or  a  basic  ground  system  philosophy. 

This  paper  will  describe  problems  existing  at  a  government  instal¬ 
lation,  approaches  we  have  taken,  and  methods  and  techniques  successfully 
used  to  minimize  interference  in  the  electronic  complex.  These  methods  and 
techniques  will  include:  establishment  of  a  well-bonded  ground  plane,  multi¬ 
point  and  single-point  grounding  theories,  bonding,  cable  choice,  routing, 
shielding,  and  grounding  techniques.  Cable  coupling  tests  will  be  described 
to  substantiate  our  grounding  philosophy. 

II.  DISCUSSION  OF  PROBLEM 

A  recent  interference  reduction  program  was  performed  at  a  large 
government  missile  installation.  The  purpose  of  this  program  was  to  study, 
measure,  analyze  and  reduce  electromagnetic  interference  in  the  missile 
ground  electronic  checkout  complex.  The  primary  function  of  the  electronic 
complex  is  to  check  out  space  vehicles.  Radio  frequency  interference,  often 
encountered  during  these  checkout  procedures,  adversely  affects  the  testing 
operation,  which  employs  both  radiated  and  conducted  control  and  monitoring 
circuits.  Interference  has  been  traced  to  the  building  ac  and  dc  power  sup¬ 
plies  and  nearby  electrical  equipment,  as  well  as  rf  sources. 

Several  steps  have  been  taken  by  the  government  agency  in  the  past 
to  reduce  interference.  To  this  end,  portable  shielded  enclosures  in  the 
hangar  area  have  been  built  at  considerable  cost.  During  checkout  periods, 
it  has  been  necessary  to  perform  the  checkout  operations  at  night,  since  the 
ambient  noise  level  has  proven  to  be  somewhat  lower  during  this  period.  This 
has  resulted  in  additive  cost  due  to  overtime  and  delays  in  the  vehicle  check¬ 
out  schedule. 
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Although  shielded  enclosures  of  large  size  were  built  to  protect 
the  missiles  from  external  interference  sources  during  checkout,  local  inter¬ 
ference  from  electrical  and  electronic  equipment,  vehicles,  etc.,  within  the 
enclosures,  was  a  problem.  In  order  to  assure  a  successful  missile  system 
checkout,  it  was  necessary  to  initiate  a  program  for  reducing  interference 
in  the  checkout  area. 

One  of  the  most  important  problem  areas  was  the  inadequate  ground 
system  used  for  the  entire  electronic  complex.  The  ground  system  was  found 
to  consist  of  a  single  ground  stake  to  which  power  systems,  equipment  racks 
in  the  various  areas,  and  each  missile  "track"  ground  were  connected  by  2/0 
cables.  (Figure  1)  In  some  areas  this  cable,  running  for  a  considerable 
distance,  represented  a  common  impedance  to  a  number  of  equipments  and  signal 
returns  for  numerous  circuits.  (Figure  2)  Particularly  at  the  higher  fre¬ 
quencies,  major  differences  in  potential  can  exist  between  the  missile  and 
other  points  such  as  the  power  return  and  instrumentation  racks,  the  teleme¬ 
try  station  and  other  associated  equipments.  The  absence  of  an  unipotent ial , 
or  nearly  un i potent i al ,  ground  plane  within  such  a  complex  contributed  great¬ 
ly  to  interference  problems  both  in  the  rf  range  and  at  lower  frequencies. 

Some  systems  used  multipoint  grounding  and  others  followed  the 
single-point  grounding  philosophy.  Many  of  the  instrumentation  cables  ex¬ 
amined  were  noted  to  have  shields  floating,  which,  particularly  in  long 
cable  runs,  increased  the  radiation  from  these  cables  as  well  as  their  sus- 
cept ibility  to  rf  fields  in  the  area.  As  shown  in  Figure  3,  the  shields  at 
the  end  of  the  cable  were  found  to  be  left  floating.  Note  that  an  insulating 
braid  is  used  over  each  shield.  In  Figure  4  the  shields  are  tied  together 
and  bonded  at  a  distant  point  through  a  22  gauge  wire.  At  high  frequencies 
this  bond  wire  has  considerable  impedance,  and  the  shields  are  no  longer  at 
ground  potential.  Figures  5  and  6  show  additional  examples  where  temporary 
shield  connections  were  made  to  ground,  and  led  to  radiation  of  interference. 

Another  problem  encountered  was  the  rf  environment  within  the 
overall  building,  which  was  of  sufficient  magnitude  to  prevent  or  degrade 
complete  checkout  of  the  missile.  Many  of  these  interference  signals  were 
generated  within  the  building.  Inspection  of  the  sources  showed  that  the 
interference  level  could  be  greatly  reduced  by  appropriate  interference  sup¬ 
pression  measures  and  an  rf  control  program.  Interference  due  to  radiation 
from  vehicular  ignition  systems  in  fork  lifts  and  trucks  represented  a  major 
source  of  interference. 

Cases  were  reported  in  which  instrumentation  used  for  obtaining 
data  during  checkout  of  a  missile  were  inoperative  or  provided  highly  unsat¬ 
isfactory  data  due  to  the  presence  of  strong  background  interference  signals 
and  transients.  Examination  of  the  equipment  enclosures  showed  that  no 
attempts  at  shielding  had  been  made.  Figure  7  shows  open  rack  construction 
typical  of  that  employed  at  the  site. 
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Broadband  interference  emanating  from  the  dc  and  400  cps  power 
sources  furnishing  power  to  the  missile  and  laboratory  rooms  represented  anoth¬ 
er  problem.  The  conducted  interference  appearing  on  these  lines  was  coupled 
into  the  missile  system  and  also  to  the  ground  checkout  instrumentation  circui¬ 
try.  The  intensity  of  the  conducted  signals,  especially  at  the  lower  frequen¬ 
cies,  caused  sensitive  equipments  connected  to  or  coupled  to  those  lines  to 
mal function. 

Finally,  objectionable  rf  coupling  was  found  between  cables  used  to 
transmit  signals  from  system  to  system  in  the  ground  station  complex.  As  an 
example,  remote  indicating  equipment  connected  to  the  voltage  monitoring  con¬ 
sole  located  in  the  instrumentation  room,  which  sequentially  samples  missile 
power  circuits,  was  located  in  the  console  rooms  and  in  the  checkout  area. 
Switching  transients  from  this  unit  were  conducted  into  many  areas  due  to 
crosstalk  and  rf  coupling,  which  was  attributed  to  unsatisfactory  cable  choice, 
routing,  grounding,  and  shielding  techniques. 

III.  APPROACH  TO  SOLUTION 

Due  to  the  severity  of.  the  interference,  and  the  problems  of  attempt¬ 
ing  to  control  interference  within  the  existing  installation,  the  systems 
approach  was  adopted.  That  is,  common  problem  areas  would  be  determined,  and 
their  possible  adverse  effects  on  the  system  evaluated.  The  program  which  was 
set  up  established  an  integrated  approach  to  interference  control,  necessitated 
by  the  dispersion  of  equipment  throughout  the  site,  incompatible  interface  de¬ 
sign,  and  lack  of  suitable  controls  on  RFI  internal  and  external  to  the  check¬ 
out  area. 

Analysis  of  the  preliminary  study  showed  that  the  main  interference 
sources  were  gasoline  engines,  power  generators,  and  switching  circuits  in  the 
checkout  equipment.  The  energy  was  predominantly  conductively  coupled  on  the 
power  lines  or  radiated  from  signal  and  control  cables.  A  program  was  insti¬ 
tuted  to: 

1.  Define  techniques  for  bonding,  grounding  and  shielding  structur¬ 
al  components  and  equipments. 

2.  Analyze  signal  characteristics  and  optimize  cable  selection  and 

treatment. 

3.  Develop  specifications  for  RFI-free  design  of  equipment  and  in¬ 
stallation,  tailored  to  the  system  requirements. 

4.  Reduce  interference  generation  and  susceptibility  in  particular 
equipments  by  specific  RFI  control  measures. 

System  Ground  Plane 

The  initial  step  established  a  well-bonded,  low  impedance  ground 
plane  throughout  the  complex.  After  a  survey  of  the  ground  system  was  performed 
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and  the  architect's  ground  system  specifications  reviewed,  a  revised  specifica¬ 
tion  was  prepared  which  established  a  much  improved  ground  piane.  It  was  im¬ 
possible  to  establish  a  ground  grid  since  the  site  was  completed.  The  method 
adopted  under  these  circumstances  provided  that  all  metallic  structures  in  the 
building  be  well  bonded  together  and  act  as  the  ground  plane.  The  RF  specifi¬ 
cation  detailed  the  establishment  of  a  low  impedance  ground  plane  by  bonding 
together  ail  metallic  structures  such  as  I-beams,  cable  trays,  and  the  elec¬ 
tronic  equipment  racks.  By  bonding  chassis  to  racks  and  racks  to  cable  trays, 
subsystem  grounds  were  established  in  each  equipment  rack  or  cabinet.  By  pro¬ 
viding  good  bonding  between  the  chassis  and  the  rack  member,  between  cable 
shields  and  the  cabinet,  and  with  added  shielding,  radiation  from  the  equip¬ 
ments  and  cables  was  substantially  reduced. 

Figure  8  shows  a  view  of  the  cable  trays.  Note  the  use  of  a  multi¬ 
tray  system  to  separate  power  and  signal  cables.  The  bond  straps  can  be  seen 
in  greater  detail  in  Figure  9*  Structural  members  were  tack  welded,  as  shown 
in  Figure  10.  In  areas  where  improved  shielding  was  required,  a  sheet-metal 
cover  was  fabricated  for  the  tray  (Figure  II). 

Interference  Suppression 

In  order  to  reduce  the  high  ambient  RF  noise  level  in  the  building 
to  acceptable  limits,  measurements  were  first  made  to  determine  the  type  of 
interference  present  in  the  bay  area  and  trace  the  interference  to  its  orig¬ 
inating  source.  Among  the  equipments  found  to  contribute  to  the  general  in¬ 
terference  background,  and  in  some  cases  to  the  specific  transients  observed, 
were  the  following;  counters,  oscillators,  calibrators,  tape  recorders, 
print  dryers,  thermostatically-controlled  crystal  ovens  of  receivers,  t'mers, 
dc  motors,  digital  voltmeters,  voltage  and  frequency  monitoring  units  contain¬ 
ing  stepping  switches,  digital  recorders,  Eput  meters,  graphic  recorders 
(from  which  the  timing  pulse  was  noted  throughout  the  checkout  area)  and  IBM 
accounting  machines  (sorter  and  reproducing  punch). 

To  minimize  radiated  interference,  shielding  kits  were  installed 
on  all  fork  lift  trucks.  Unsuppressed  vehicles  were  restricted  to  1,000  foot 
minimum  distance  from  the  area  during  missile  checkout  tests. 

In  an  effort  to  reduce  the  broadband  interference  being  transmit¬ 
ted  from  the  power  generator  units  to  the  missile  and  ground  electronic  complex, 
interference  tests  were  performed  on  these  units,  to  determine  filter  require¬ 
ments.  The  suppression  of  interference  on  these  lines  was  very  important  due 
to  the  fact  that  the  power  cables  extended  ail  over  the  test  area  radiating 
broadband  interference. 

System  Anal ys i s 

Existing  checkout  procedures,  particularly  compatibility  tests  and 
simulated  flight  tests,  were  reviewed  to  minimize  the  number  of  accessory 
cables  and  equipment  units  which  might  contribute  to  RFI  and  to  provide  speci¬ 
fic  locations  and  grounding  for  such  equipment,  and  optimize  cable  routing. 
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Characteristics  of  the  signals  being  transmitted  between  various 
ground  systems  in  the  missile  checkout  were  analyzed.  These  signals  were 
categorized  to  separate  high-level,  low-level,  and  power  cables.  The  cable 
choice,  routing,  shielding,  and  grounding  techniques  used  by  the  installing 
contractor  were  studied.  Revised  cable  specifications  were  prepared  to  in¬ 
dicate  the  optimum  types  of  cables  to  be  used  to  transmit  the  various  sig¬ 
nals  between  systems.  This  specification  also  indicated  cable  routing,  and 
shielding  and  grounding  techniques,  to  minimize  crosstalk  and  rf  coupling 
between  circuits.  Studies  performed  in  this  area  are  described  beiow. 

IV.  CABLE  TESTS 


In  any  missile  or  electronic  installation  when  various  sensitive 
and  low  voltage  equipments  are  involved,  it  becomes  extremeiy  important 
that  the  optimum  cable  choice,  grounding  and  shielding  techniques  are  util¬ 
ized.  An  extensive  laboratory  investigation  was  performed  to  measure  the 
coupling  and  crosstalk  between  various  types  of  cables. 

It  was  necessary  to  investigate  the  optimum  grounding  method  to 
be  used  on  coaxial  cables  in  order  to  minimize  audio  frequency  crosstalk 
and  rf  coupling  when  coaxial  cables  are  used  for  signal  transmission.  As 
shown  in  Figure  12,  two  I?  foot  lengths  of  coaxial  cables  were  placed  adja¬ 
cent  to  each  other  and  terminated  in  their  approximate  character i st i c  imped¬ 
ance,  One  cable  was  excited  with  a  signal  generator  and  the  induced  voltage 
developed  in  the  adjacent  cable  was  measured  with  a  field  intensity  meter  or 
oscilloscope,  depending  on  the  frequency  band  of  interest  and  required  sen¬ 
sitivity. 


The  induced  voltage  in  the  receiving  cable  was  measured  for  four 

condi t i ons ; 


a.  Sending  and  receiving  cable  resistor  termination  floating  at 
the  receiving  end. 

b.  Sending  and  receiving  cable  resistor  termination  grounded  at 
the  receiving  end. 

c.  Sending  cable  resistor  termination  grounded  and  receiving 
cable  resistor  termination  floating  at  the  receiving  end. 

d.  Sending  cable  resistor  termination  floating  and  receiving 
cable  resistor  termination  grounded  at  the  receiving  end. 

The  shields  at  the  signal  generator  end  of  the  cables  were  grounded  in  all 
i nstances. 

The  following  tests  were  performed  on  these  cables; 

a.  RF  tests 

b,  AF  tests 
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c.  Pulse  tests 

d.  Power  frequency  tests 

Similar  tests  were  run  on  shielded  twisted  pair  cables. 

Radio  Frequency  Tests 

Radio  frequency  tests  were  performed  on  these  cables  for  the  frequen¬ 
cy  interval  of  14  kc  to  150  kc  and  from  150  kc  to  29  me.  The  output  voltage  of 
the  signal  generator  was  held  constant  at  .1  volt  and  at  2  volts  rms  respective¬ 
ly,  over  each  of  these  frequency  ranges. 

While  performing  these  tests,  it  was  noted  that  there  was  an  exces¬ 
sive  amount  of  radiation  at  both  ends  of  the  directiy  excited  cable  due  to  im¬ 
proper  shielding  at  these  points.  The  energy  radiated  from  the  directiy  excited 
cable  coupled  directly  into  the  adjacent  cable  due  to  shield  discontinuities  at 
the  terminations.  Excellent  shielding  measures  had  to  be  applied  at  the  resis¬ 
tor  terminations  at  the  receiving  end  and  also  at  the  connections  at  the  signal 
generator  end  of  the  ^xcited  cable  in  order  to  eliminate  this  effect.  This  is 
—art- -extreme  I  y  important  requirement  which  was  found  to  be  dominant  over  the  exact 
method  of  termination. 

Figure  i3  shows  test  results  in  coupling  which  can  exist  between  ad¬ 
jacent  coaxial  cables  for  the  specified  shield  grounding  methods.  The  results 
of  these  tests  indicate  a  relatively  high  magnitude  of  coupling  when  the  loads 
are  floating  (single-point  ground),  compared  to  the  mul t i poi nt  ground  circuit. 

In  the  case  when  both  terminations  are  floating  the  coupling  increases  rapidly 
above  3  megacycles.  The  crosstalk  remains  close  to  the  receiver  background 
noise  level  up  to  10  megacycles  when  the  sending  cable  is  grounded  or  floating 
and  the  receiving  cable  is  grounded.  Resonances  at  approximately  10  and  20 
megacycles  are  also  more  pronounced  with  the  loads  floating. 

A  similar  version  of  this  test  setup  was  used  to  measure  the  isola-* 
t i on  between  shielded  twisted  pair  cables  (see  Figure  1 4)  .  The  main  difference 
in  the  test  procedures  was  that  the  shields  were  grounded  at  the  sending  and 
receiving  ends  of  both  cabies,  and  the  circuit  return  path  was  grounded  oniy 
at  the  sending  end.  In  other  words,  the  signal  current  was  flowing  through  the 
twisted  conductors  at  ail  times.  Figure  15  shows  test  results  over  the  fre¬ 
quency  range  of  150  kc  to  29  me.  The  curves  show  that  shielded  twisted  pair  is 
superior  to  the  coaxiai  line  when  the  load  must  be  isolated  from  ground,  par¬ 
ticularly  in  the  frequency  range  above  3  me.  The  induced  voltage  in  the 
twisted  pair  cable  was  below  the  receiver  background  noise  level  between  150  kc 
and  20  me,  and  close  to  the  noise  level  in  the  range  150  kc  to  3  me  for  the  co¬ 
axial  lines  under  both  conditions  of  termination.  Results  with  the  grounded 
coaxial  cable  compared  favorably  with  those  obtained  with  the  twisted  pair  over 
most  of  the  range.  Under  the  test  conditions,  an  isolation  in  excess  of  100  db 
was  readily  attained  with  shielded  and  coaxial  cables  grounded  at  both  ends. 
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Video  and  Power  Frequency  Tests 


Additional  tests  were  made  to  determine  cable  coupling  parameters  in 
the  video  and  power  frequency  range.  For  the  pulse  tests,  the  sending  cable 
was  energized  with  a  pulse  of  magnitude  80  volts,  a  repetition  rate  of  4  kc, 
and  a  pulse  width  of  2  microseconds.  A  wideband  oscilloscope  was  used  to  meas¬ 
ure  the  induced  voltage  in  the  receiving  cable.  This  test  setup  was  similar  to 
that  shown  in  Figure  12. 

A  final  test  series  was  performed  at  60  cycles  per  second.  These 
tests  were  made  to  determine  the  magnitude  of  conducted  and  induced  currents 
developed  in  cables  when  a  60  cycle  current  was  flowing  in  the  ground  plane, 
and  to  investigate  the  possible  effects  that  might  result  from  so-called 
"loops."  The  shields  of  signal  circuits  were  grounded  at  both  ends,  to  investi¬ 
gate  if  the  currents  flowing  in  the  shield,  due  to  differences  in  potential  at 
two  points  of  the  structure,  would  induce  currents  in  the  inner  conductor  and 
cause  malfunctioning  or  errors  in  signal  circuits.  The  test  setup  is  shown  in 
Fi  gure  I  6. 


Test  results  under  the  conditions  of  termination  previously  des¬ 
cribed  --  receiving  end  grounded  or  floating  --  are  shown  in  Figure  17.  They 
may  be  compared  with  the  summary  also  given  for  the  radio  frequency  tests. 

It  is  seen  that  for  the  pulse  tests,  when  both  terminations  of  the  coaxial 
cable  were  grounded,  isolation  of  78  db  was  obtained.  This  case  gave  only  a 
slight  improvement  over  the  ungrounded  coaxial  termination  which  provided 
72  db  isolation.  The  twisted  pair  gave  20  db  more  isolation  than  the  unground¬ 
ed  coaxial  line.  The  improvement  may  have  been  greater,  but  could  not  be  ob¬ 
served  because  of  the  threshold  sensitivity  of  the  indicator. 

As  in  the  previous  tests,  the  twisted  pair  provided  maximum  isola¬ 
tion  from  ground  plane  currents  at  power  frequencies.  No  signal  could  be  de¬ 
tected  above  the  indicator  noise  level  with  the  twisted  pair  or  the  coaxial 
line  ungrounded  load,  A  slight  degradation  was  observed  with  the  coaxial  load 
grounded,  but  137  db  isolation  was  still  obtained. 

V.  CONCLUSIONS 

The  results  of  these  tests  indicate  that  to  minimize  rf  coupling 
and  crosstalk  between  coaxial  cables,  the  loads  and  shields  should  be  bonded 
to  the  ground  plane  at  both  ends.  These  results  also  indicate  that  a  multi¬ 
point  grounding  system  is  more  beneficial  to  reduce  coupling  than  is  a  single 
point  grounding  system. 

However,  while  multipoint  ground  circuits  are  recommended  for  radio 
frequency  applications,  there  are  some  circumstances,  primarily  in  low  frequen¬ 
cy,  low-level  applications,  such  as  audio  or  servo  amplifiers,  in  which  single- 
point  grounding  is  advantageous.  When  a  coaxial  cable  is  grounded  at  both 
ends,  using  the  ground  plane  as  the  return  circuit,  400  cps  and  60  cps  currents 
in  the  ground  plane  can  induce  audio  frequency  interference  into  extremely 


-  441 


sensitive  low-frequency  circuits;  therefore,  single  point  grounding  may  be  the 
best  approach.  However,  it  must  be  remembered  that  by  grounding  a  cable  at  a 
single  point,  a  radio  frequency  interference  problem  exists. 

Thus,  there  appeared  to  be  a  conflict  between  the  optimum  choice 
for  radio  frequency  interference  control  and  the  optimum  method  of  grounding 
for  reduction  of  audio  frequency  conducted  currents.  However,  use  of  shielded 
twisted  pair  offers  a  compatible  solution. 

It  was  established  from  these  experiments  that  when  sensitive  cir¬ 
cuits  and  adjacent  high  signal  levels  are  transmitted  in  an  electronic  system, 
shielded  twisted  pair  cables  offer  the  maximum  iso’etion,  provided  the  shields 
are  properly  grounded  at  both  ends,  and  the  circuit  return  path  grounded  at 
one  point.  By  using  the  cable  in  this  manner,  the  ground  loop  problem,  due  to 
heavy  currents  flowing  in  the  ground  plane,  and  rf  coupling  due  to  high  signal 
levels,  are  both  solved.  Thus,  both  radio  frequency  interference  and  audio 
frequency  interference  can  be  controlled. 

It  is  important  to  distinguish  the  concepts  of  single  and  multi¬ 
point  "grounding"  of  signal  circuits  from  the  establishment  of  a  ground  plane. 
In  all  cases  observed,  a  good  electrical  ground  plane  was  essential  for  con¬ 
sistent  performance  and  maximum  interference  reduction,  and  could  best  be 
achieved  by  electrically  connecting  all  metallic  surfaces  in  the  system,  as 
descr i bed  ear  I i er . 
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FIGURE  2:  GROUND  SYSTEM  JUNCTION  BLOCK 
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FIGURE  4:  CABLE  JUNCTION  BOX  SHOWING  GROUND  RETURN  LEAD 
(WHITE  WIRE)  AND  SHIELD  HALO 
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FIGURE  5:  VIEW  OF  CABLE  TROUGH  WITH  POOR  SHIELD  GROUND  RETURNS 


FIGURE  9:  DETAIL  OF  TROUGH  BOND  STRAP 


FIGURE  10:  TACK  WELDED  STRUCTURAL  MEMBERS  E'OR  IMPROVED  BONDING 


FIGURE  11:  CABLE  TROUGH  WITH  ADDED  SHIELD  PAN 


SENDING  CABLE 
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TEST  SETUP  FOR  COAXIAL  CABLE  COUPLING  MEASUREMENTS 
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SIGNAL  GENERATOR  OUTPUT  FREQUENCY.  MC 
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FIGURE  15:  MEASURED  R-F  COUPLING  IN  SHIELDED  CABLES 
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REQUIREMENTS  OF  MEASUREMENTS 
OF  SHIELDED  INSTALLATIONS 


Ro  G.  Klouda 

Elite  Electronic  Engineering  Company 
Chicago,  Illinois 


Abstract.-  This  paper  delves  into  the  various  practical  require¬ 
ments  of  shielded  installations  and  how  measurements  are  made 
under  field  conditions.  Discussions  will  range  from  large  built- 
in  installations  on  military  sites,  to  prefabricated  types  of 
enclosures.  The  usefulness  of  various  materials  used  in 
shielded  installations  over  a  given  frequency  range  will  be 
listed  so  that  a  handy  reference  may  be  had  when  a  shielding  re¬ 
quirement  comes  up.  In  the  past  a  compromise  between  shielding 
effectiveness  and  building  construction  has  limited  to  some 
extent  the  usefulness  of  the  shielding.  New  ideas  and  techniques 
will  be  offered  to  enhance  the  shielding  effectiveness  for  these 
installations. 


lo  INTRODUCTION 

A  demand  by  the  military  for  building  interference 
free  areas  which  are  composite  with  conventional  building 
practices  has  increased.  This  requires  the  electromagnetic 
shielded  enclosure  to  be  blended  in  with  the  architectural  de¬ 
sign  of  the  building  and  not  be  visible  to  the  eye;  the  overall 
appearance  of  the  room  therefore  being  basically  unaffected  by 
the  shielding  requirements.  This  type  of  construction  is  typical 
of  AC&,W  (Aircraft  Control  and  Warning)  Sites,  which  will  be 
discussed  here  today. 

The  entire  radar  site  is  normally  contained  in  an  area 
of  approximately  400  feet  by  400  feet.  Three  to  five  radar  towers 
are  positioned  to  do  their  prescribed  job  of  searching,  tracking, 
and  height  finding.  Approximately  200  slant  feet  away  is  the 
Operations  Building,  a  cement  block  building  which  houses  radar 
receiving  and  teletype  equipment  and  the  air  conditioning  facili¬ 
ties.  A  portion  of  the  Operations  Building  houses  the  computers 
and  display  equipment.  This  is  the  dark  room  and  automatic  area 
that  is  electromagnetically  shielded.  The  physical  size  of  the 
room  is  80  feet  by  40  feet  by  14  feet  high.  The  finished  wall 
interior  is  of  conventional  dry  wall;  the  ceiling  covered  with 
acoustical  tile,  and  the  floor  of  tile  covered  access  panels. 

II,  SHIELDING  REQUIREMENTS 

The  functional  requirements  of  the  room  do  not  blend 
easily  into  the  design  of  an  R.F,  shielded  enclosure.  Openings 
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and  protrutiona  that  exist  in  the  room  must  be  RoF,,  secured o  A 
fair  list  of  them  are  vent  openings,  personnel  doors,  pipes  and 
tubes  for  heating,  pneumatic  needs  and  electrical  needs,  structual 
beams,  light  dimmers,  receptacle  and  luminar  boxes,  telephone 
lines,  and  in  the  past,  interior  partitions  and  windows. 

Now,  the  shielding  requirements  are  obvious  since 
the  receiving  equipment  has  certain  thresholds  of  susceptibility, 
whether  they  be  of  the  solid  state  or  vacuum  tube  design.  High 
power  radar  transmitters,  adjacent  microwave  stations,  associated 
communication  equipment  and  non-technical  equipment  all  place 
the  computers  and  display  equipment  in  a  high  RoF.  ambient  area. 

Attenuation  requirements  have  varied  in  the  past  and 
are  still  in  the  process  of  refinement.  At  the  present  time  a 
35  DB  attenuation  requirement  has  been  specified o  The  frequency 
range  being  covered  is  200  KC  to  3  KMC.  A  higher  range  of 
frequency  and  attenuation  figures  is  required  at  other  sites. 

Initially  there  were  some  conflicts  between  attenu¬ 
ation  requirements  and  specified  methods  to  be  used  to  obtain 
this  end.  One  such  problem  involved  the  shielding  material  to 
be  used.  Originally  If  by  16  copper  screen  mesh  was  specified. 

This  was  challenged  and  laboratory  tests  had  to  be  conducted  to 
verify  this  action. 

For  the  laboratory  tests  a  double  electrically 
isolated  24  ounce  solid  copper  cube  was  designed  and  constructed. 
The  material  under  test  was  applied  to  the  sixth  side  of  the 
40  inch  cube.  Since  the  five  sides  of  the  solid  copper  cube 
afforded  well  over  120  DB  of  attenuation  for  the  frequencies 
concerned,  the  test  material  could  be  studied  for  its  shielding 
effectiveness  properties,  tolerance  to  small  and  random  openings, 
quality  of  solder  seams,  and  the  effects  of  protrutions  through 
the  shielding. 

A  field  intensity,  field  strength  meter  was  positioned 
inside  the  cube  and  the  transmitting  equipment  was  operated  on  the 
outside.  Shielding  effectiveness  tests  were  then  conducted  in  a 
general  accordance  with  MIL-E-4957A.  Small  and  random  openings 
were  made  on  the  test  material  and  data  obtained  and  evaluated. 
Protrutions  of  conducting  items  were  passed  through  the  test 
material  and  data  obtained  and  evaluated.  From  the  former  tests, 
the  number  and  size  of  openings  which  were  previously  planned  to 
be  used  were  found  to  be  acceptable  when  used  in  conjunction  with 
24  by  24  copper  mesh.  The  latter  tests  showed  that  contemplated 
openings,  due  to  pipes  and  small  copper  tubing  would,  when  proper¬ 
ly  secured  to  the  enclosure,  meet  the  attenuation  requirements. 
Another  facet  to  this  test  verified  that  any  protrutions  such 
as  a  nail  or  conducting  stub,  when  insulated  from  the  shielded 
material,  re-radiated  much  more  energy  into  the  room  then  would 
otherwise  occur  when  its  length  was  a  sub-multiple  of  the  test 
frequency.  The  value  of  wave  guides  which  were  to  be  used  on 
protrutions  which  were  constructed  of  non-conducting  material 
wan  also  investigated  with  this  method.  The  results  of  these 
tests  were  a  definite  aid  in  deciding  on  the  shielding  material 
to  be  used. 
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Another  conflict  in  specification  was  clarified  using 
the  40  inch  test  cubical.  Originally  expanded  metal  lath  was  to 
be  used  from  the  floor  level  down.  This  technique  would  defin¬ 
itely  degradate  the  attenuation  figures  since  the  lath  had  open¬ 
ings  of  approximately  1/2  by  3/S  inches.  Laboratory  shielding 
effectiveness  tests  pointed  out  that  the  copper  screen  should  be 
continued  down  the  wall  and  at  least  one  foot  into  the  floor 
plane.  Still  another  deficiency  lied  in  the  type  of  R.F.  doors 
to  be  installed  in  the  shielded  area  and  its  vestibules.  Common 
steel  tubular  doors  with  bronze  weather  stripping  fastened  to  the 
perifery  were  called  for.  Past  experience  had  shown  that  this 
type  was  not  R.F.  effective.  The  doors  were  re-designed  and 
fashioned  after  doors  used  on  prefabricated  types  of  shielded 
enclosures.  Sterrated  phosphorous  bronze  fingers  around  the 
perifery  of  the  door,  using  a  three  point  contact  latch  proved 
to  be  the  answer.  On  certain  exit  doors,  panic  hardware  was 
used  as  the  opening  mechanism.  Upon  completion  of  the  shell  of 
the  Operations  Building  in  its  normal  fashion,  the  first  shielding 
steps  were  taken.  Pockets  constructed  of  copper  screen  were  placed 
on  the  ends  of  the  floor  beams,  the  flaps  of  which  were  later 
soldered  to  the  wall  shielding  material.  The  wall  and  ceiling  of 
the  shielded  area  wfifre  covered  with  21+  by  24  copper  screen  mesh 
which  fastened  over  the  first  furring  strip.  A  continuous  solder 
seam  was  made  with  the  shielding  material  and  around  all  vent 
openings,  conduit  pipes,  copper  tubes,  and  receptacles,  and 
luminar  boxes.  The  light  dimmers  were  boxed  in  with  copper  screen 
as  well  as  some  steam  pipes.  As  previously  decided  on  the  main 
R.F.  wall,  covering  was  brought  down  the  sides  of  the  walls  to  the 
cement  foundation  and  overlapped  a  minimum  of  one  foot  into  this 
plane.  The  remainder  of  the* floor  plane  was  covered  with  expanded 
metal  lath.  Solder  seams  were  continuous  on  all  copper  to  copper 
seams  and  on  the  floor  plane  from  the  wall  to  a  distance  inward 
of  ten  feet.  From  the  ten  foot  perifery  to  the  center  of  the  room 
the  expanded  metal  was  spotted  every  six  inches.  The  screening  was 
brazed  completely  to  the  particular  ground  system  in  vogue,  either 
a  grid  or  multi-point  ground  system. 

III.  SHIELDING  EFFECTIVENESS  TESTS 


Upon  completion  of  the  shielding  installation,  a  complete 
preliminary  shielding  effectiveness  test  took  place.  Test  points 
required  for  the  R.F.  attenuation  checks  were  at  200  KC  for  both 
electric  and  magnetic  fields,  1  MG  electric  field,  IS  MC  electric 
field,  400  MC  plane  wave,  1000  MC  plane  wave,  and  3  KMC  microwave. 
Forty-five  watt  transmitters  were  utilized  for  all  test  points. 
Stoddart  and  Empire  Devices  field  intensity  equipment  was  used 
for  the  receiving  instrumentation.  The  tests  are  conducted  with 
loop,  rod  and  tuned  dipole  antennae  connected  to  the  transmitter 
and  receiver  in  the  required  frequency  range.  Magnetic  field  tests 
are  performed  to  determine  if  seams  and  bonds  were  adequate  to 
obtain  a  good  R.F.  contact.  A  good  test  is  to  compare  readings 
obtained  on  two  different  bonds.  If  a  difference  of  several  DB  is 
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noted,  it  usually  can  be  attributed  to  poor  soldering  or  brazing. 

For  the  low  frequency  tests,  200  KC  to  18  MC  the 
receiving  equipment  was  calibrated  by  placing  the  receiving  antenna 
four  (4)  feet  from  the  transmitting  antenna.  The  relative 
strength  of  the  particular  field  was  recorded  in  DB,  The  trans¬ 
mitting  equipment  and  antenna  was  then  placed  outside  of  the 
shielded  enclosure.  Except  for  the  fact  that  the  copper  screen 
was  now  interposed  between  the  two  antennae,  all  other  relative 
aspects  and  distances  remained  constant  during  this  test.  The 
difference  in  readings  gave  the  shielding  effectiveness  in  DB 
of  the  shielded  enclosure.  This  test  method  was  continuously  re¬ 
peated  along  the  entire  perifery  of  the  room.  Both  magnetic  field 
and  electric  field  tests  were  conducted  in  this  manner. 

For  the  plane  wave  and  microwave  tests  the  transmitters 
were  located  approximately  thirty  (30)  feet  from  the  enclosure, 
and  the  calibration  procedure  repeated.  The  entire  wall  of  the 
shielded  enclosure  was  therefore  bathe  in  a  high  frequency  RoF. 
field.  During  these  tests  an  entire  section  of  wall  could  be 
probed  and  attenuation  figures  obtained. 

After  the  successful  preliminary  tests,  the  interior  of 
the  Dark  Room  and  Automatic  Area  are  completed,  A  second  furring 
strip  is  fastened  over  the  copper  screen  and  onto  the  first  strip. 
Several  methods  are  fesiable.  One  method  is  the  use  of  plastic 
nails  and  resin  adhesives.  Dry  wall  is  then  fastened  to  the  second 
furring  strip  and  acoustic  tile  to  ceiling.  During  the  interim 
between  the  preliminary  and  final  shielding  effectiveness  tests, 
some  additions  and  modifications  that  may  effect  the  attenuation 
figures  usually  are  considered  and  action  taken.  The  shielding 
consultant  should  remain  on  the  scene  while  these  changes  are 
made.  The  final  shielding  effectiveness  survey  will  test  any  of 
the  modifications  made. 


IV.  COhCLUSIORS 

From  the  experience  and  information  gained  from  the 
testing  of  large  military  R.F.  shielded  areas,  several  conclusions 
can  be  drawn.  To  obtain  optimiun  attenuation  with  the  shielding 
material  used,  the  coverage  of  copper  screen  must  extend  at  least 
one  foot  into  the  floor  plane  and  not  stop  at  the  floor  level  as 
was  previously  specified.  The  number  of  personnel  doors  should 
be  reduced  to  a  minimum  and  the  floor  plan  of  the  site  should  be 
so  arranged  as  to  have  a  personnel  by-pass  of  the  shielded  area. 
This  will  keep  entrance  and  entry  to  the  automatic  area  to  a  mini¬ 
mum.  The  doors  should  be  of  the  sterrated  phosphorous  bronze 
type  with  a  three  point  pressure  latch.  Specifications  should  be 
modified  to  state  that  the  entire  vestibule,  including  the  floor, 
be  covered  with  copper  screen.  Installation  of  wave  guide  cores 
for  vent  openings  would  increase  the  frequency  coverage  and 
attenuation  figures  for  the  shielded  area.  Complete  R.F.  filter¬ 
ing  of  all  power  lines,  and  other  signal  lines,  phone  lines,  etc., 
that  enter  the  room  would  also  enhance  the  attenuation  figures. 
Re-routing  of  all  unnecessary  lines  including  telephone  and  power 
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lines  would  help  to  keep  R.F.  coupling  into  the  shielded  area  to 
a  minimum. 

We  hope  the  techniques  used  here,  and  recommendations 
made,  will  enhance  future  shielding  effectiveness  figures  for 
similar  sites. 
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PART  II  -  PREFABRICATED  TYPE  SHIELDED  ENCLOSURES 
lo  INTRODUCTION 

We  will  now  consider  shielded  enclosures  of  smaller  size 
and  of  the  demountable  type.  The  requirements  for  a  room  of  this 
construction  will  be  guided  by  the  following  parameters:  (1)  fre¬ 
quency  range  through  which  the  tests  will  be  made;  (2)  ambient 
levels  of  interference  present  and  their  frequency  range;  (3)  ra¬ 
diated  and  conducted  susceptibility  levels  of  instrumentation 
operating  within  the  room;  (4)  military  specification  limits  and 
requirements;  (5)  possible  future  sources  of  interference  with 
estimates  of  frequency  and  intensity;  (^)  practical  materials 
available  for  shielded  enclosures;  l7)  power  requirements; 

(8)  various  signal  and  metering  input  circuits;  and  (9)  ventila¬ 
tion  and  lighting  requirements. 

II,  RoF,  INTERFERENCE  SURVEY 

To  obtain  the  answers  to  the  afore  mentioned  parameters, 
a  radio  interference  survey  is  conducted  at  the  planned  site  of  the 
shielded  enclosure.  Standard  tests  cover  the  frequencies  from  14  KC 
to  1000  MC.  The  major  sources  of  R,F.  noise  which  will  be  encoun¬ 
tered  include  switching  transients  of  all  kinds,  ignition  noises, 
electrically  functioning  production  equipment  such  as  v/elders,  di¬ 
electric  heaters,  induction  heaters  and  all  other  items  that 
generate  R,Fo  energy  intentionally  or  not.  If  equipment  at  the 
site  is  known  to  generate  RoF,  energy  above  or  below  the  standard 
test  frequency  spectrum,  consideration  should  be  made  in  chosing 
the  shielding  material  to  provide  adequate  R,F,  attenuation  at 
these  frequencies.  Problems  will  arise  if  the  R.F,  susceptibility 
level  of  the  instrumentation  that  is  to  be  used  in  the  shielded 
enclosure  is  high.  Frustrations  and  errors  will  be  the  result  of 
attempts  to  make  accurate  measurements  under  these  conditions.  To 
guard  against  this  occurrence  extra  care  must  be  taken  in  deciding 
on  the  kind  of  shielding  material,  and  type  of  room  and  filters 
that  will  be  used.  The  decision  is  usually  made  after  the  R,F, 
survey.  To  illustrate  by  example;  From  the  survey  a  maximum  reading 
of  1,0  volts  per  meter  at  IMG  is  recorded.  The  R,F,  radiated  sus¬ 
ceptibility  level  for  the  instruments  within  the  room  is  1,0  micro¬ 
volts  per  meter.  It  sufficies  to  say  a  120  DB  is  required. 
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Two  important  requirements  are  placed  on  shielded 
enclosures  by  certain  military  specifications.  One  requirement 
to  facilitate  antenna  tuning,  is  the  size  of  the  room,  A  minimum 
room  with  dimensions  of  20  feet  by  10  feet  by  approximately 
12  feet  high  is  called  for.  The  other  requirement  is  that  the 
ambient  level  present  in  the  shielded  room  be  f-  DB  down  from  the 
specification  limits. 


III.  CONSTRUCTION 

There  are  three  (3)  popular  types  of  room  construction 
now  in  vogue:  (1)  single-layer  shielding,  (2)  cell  type  shield¬ 
ing,  and  (3)  double-layer  insulated  shielding.  The  latter  is  the 
most  sophisticated  of  the  three. 

All  of  the  above  are  constructed  in  sections  so  that 
they  are  transportable  and  demountable.  (See  Figure  1.) 

IV o  PRACTICAL  MATERIALS 


Materials  which  provide  sufficient  effectiveness  at 
various  frequencies  are  copper,  bronze  and  galvanized  sheet  iron. 
Copper  and  bronze  screening  are  available,  but  a  mesh  less  than 
18  by  20  should  not  be  used  and  wire  diameter  should  be  a  minimum 
of  OoOll  in.  The  lowest  frequencies  at  which  a  given  shielding 
effectiveness  is  required  normally  determine  the  type  of  material 
to  be  used.  Ferrous  materials  produce  more  shielding  effectiveness 
at  power  frequencies  than  do  non-ferrous  materials,  Exam.ples  of 
materials  having  high  shielding  effectiveness  at  low  frequencies 
are  netic  and  co-netic  materials,  while  galvanized  sheet  iron  has 
medium  shielding  effectiveness  at  the  lower  power  frequencies.  The 
accompanying  table  shows  shielding  effectiveness  of  a  given  mater¬ 
ial  at  a  given  frequency. 

Non-ferrous  materials  are  used  to  attenuate  magnetic 
fields  at  higher  frequencies.  Here,  shielding  effectiveness  is 
dependent  upon  material  thickness  and  must  be  related  to  the  frequen¬ 
cy.  ^ 


When  a  given  material  is  decided  upon,  an  increase  in 
shielding  effectiveness  may  be  had  by  increasing  the  thickness  of 
the  material.  However,  doubling  thickness  will  only  increase 
shielding  effectiveness  by  f  DB.  To  increase  shielding  effective¬ 
ness  and  still  not  materially  increase  thickness  of  the  material 
required,  multiple-shielded  enclosures  are  used.  If,  instead  of 
doubling  thickness  of  the  single  shield,  another  shield  of  the 
same  thickness  as  the  first  is  placed  around  the  second,  with  a 
spacing  of  approximately  2  in.  and  isolated  electrically  from  the 
first,  shielding  effectiveness  of  the  room  should  theoretically 
be  increased  by  the  same  amount  as  the  shielding  effectiveness  of 
the  first  shield.  Distance  between  the  two  shields  and  discon¬ 
tinuities  in  the  shield  will  decrease  total  shielding  effectiveness 
slightly.  Magnetic  field  test  results  of  single  and  double  electri¬ 
cally  isolated  enclosures  of  copper  screening  and  3-oz.  copper  foil 
are  shown  in  Figure  2.  Placing  both  layers  of  this  material  one 
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on  top  of  the  other  would  have  resulted  in  only  a  6  DB  increase  in 
shielding  effectiveness. 

V.  POWER  REQUIREI4EKTS 

V/hen  bringing  AG  power  into  a  shielded  enclosure,  a 
line  filter  must  be  employed  which  will  allow  power  frequencies  to 
enter  but  attenuate  all  other  undesirable  frequencies.  Standard 
commercial  line  filters  are  available  with  attenuations  on  the 
order  of  100  DB.  These  filters  are  normally  placed  outside  the 
shielded  enclosure.  At  times,  100  DB  attenuation  is  insufficient 
to  remove  the  unwanted  signals  from  the  power  lineo  To  provide 
higher  attenuations,  a  series  of  filters  has  been  developed  by 
Elite  Electronic  Engineering  Company,  These  line  filters  are 
divided  into  two  sections.  One  section  is  used  outside  the  en¬ 
closure  and  the  second  section  inside.  Each  filter  section  has  a 
minimum  attenuation  of  60  DB  through  its  effective  frequency  range. 
Placing  both  filter  sections  in  series  gives  an  attenuation  of  120  DB, 
or  more  (Figure  3),  Filters  made  in  this  manner  can  be  used  on 
single-shield  enclosures,  double-shield  enclosures  or  cell-type 
enclosures,  V/hen  line  filters  are  to  be  used  at  frequencies  of 
400  cps  or  more,  an  investigation  should  be  made  into  the  amount 
of  reactive  power  drawn  by  the  filter.  Many  filters  may  draw  more 
current  than  the  400  cps  generator  can  handle. 

VI,  MASTERING  AND  INPUT  CIRCUITS 

Another  shielding  discontinuity  is  introduced  by  inser¬ 
tion  of  an  RoF,  feedthrough.  An  important  requirement  of  the 
feedthrough  connector  is  that  it  must  allow  a  specific  RoF.  current, 
if  required  for  testing,  to  enter  or  leave  the  shielded  enclosure 
with  minimum  loss. 

The  UG-3^U  Type  K  feedthrough  adapter  exhibits  a 
nominal  impedance  of  50  ohms  and  can  be  used  as  a  feedthrough 
connector.  This  feedthrough  is  ideal  for  single-shield  bulkhead 
mounting,  V/hen  multiple  shields  are  used,  a  special  panel  must  be 
installed  to  provide  a  single  shield  at  the  point  of  R.F.  connector 
entry.  In  cell-type  enclosures,  this  can  decrease  enclosure 
shielding  effectiveness  at  this  point.  In  double  electrically 
insulated  enclosures,  there  may  be  a  decrease  in  attenuation  be¬ 
cause  of  the  single  layer  plus  associated  multiple  connections 
between  inner  and  outer  shields.  To  alleviate  this  situation,  a 
special  R.F.  feedthrough  connector  was  designed  by  Elite  to  maintain 
isolation  between  both  inner  and  outer  shields,  and  still  present 
a  nominal  impedance  of  50  ohms.  The  EL-5100-U  Uni-Ground  Feed- 
Through  enables  R.F.  connectors  to  be  placed  in  any  location  or  in 
ary  panel  in  a  multi-layer  shielded  enclosure.  Use  of  a  ferrite 
sleeve  over  the  coaxial  conductor  also  prevents  intense  external 
iiigh  frequency  radiation  from  entering  the  shielded  enclosure. 

UHF  connectors  or  3NC  connectors  are  not  recommended  if  a  minimum 
VSifR  is  desired  of  the  RoF.  feedthrough  connector. 
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VII,  VENTILATION 


Ventilation  openings,  if  improperly  designed,  could 
cause  a  serious  reduction  in  shieldirig  effectiveness.  The  amount 
of  air  entering  or  leaving  the  enclosure  is  based  upon  the  amount 
of  heat  that  must  be  extracted  from  the  room  due  to  electronic 
equipment  in  operation,  plus  the  number  of  operators  present 
during  testing.  Another  ventilation  consideration  is  the  amount 
of  R.F,  attenuation  presented  by  a  particular  opening.  Screened 
openings  usually  have  to  be  extremely  large  in  area  to  permit 
sufficient  air  to  flow  through  the  fine  mesh  required  to  prevent 
R.F.  leakage.  When  frequencies  above  1000  MC  need  not  be  atten¬ 
uated  to  a  high  degree,  a  multi-layer  opening  of  1/4  inch  copper 
mesh  rapidly  decreases  in  effectiveness.  A  ventilating  opening 
must  then  be  designed  as  a  waveguide  attenuator  operating  below 
cutoff  at  its  lowest  propagating  frequency.  In  this  manner, 
shielding  efficiencies  of  up  to  100  DB  can  be  obtained  at  fre¬ 
quencies  of  10,000  MC.  A  1/4  inch  diameter  tube  1  inch  in  length 
would  have  approximately  102  DB  shielding  effectiveness  at 
10,000  MC.  A  1/2  inch  diameter  tube  2-l/4  inch  long  would  give 
approximately  100  DB  effectiveness  at  10,000  MC.  Openings  1  inch 
or  more  diameter  would  have  little  or  no  attenuation  at 
7000  MC.  ^  To  obtain  an  opening  of  sufficient  size  to  admit  the 
required  volume  of  ventilating  air,  these  tubes  are  placed  side 
by  side  until  sufficient  air  flow  is  achieved. 

VIII,  ILLUMINATION 

Lighting  requirements  can  be  most  easily  met  by  using 
incandescent  sources.  This  type  of  lighting  nonnally  does  not 
produce  any  interference.  However,  in  a  large  enclosure,  the 
heating  effect  of  a  sufficient  number  of  lights  to  produce  the 
required  illumination  could  cause  a  heat  dissipation  problem. 
Fluorescent  lamp  fixtures  are  available  that  are  both  filtered  and 
shielded.  Unfortunately,  these  fixtures  must  be  considered  care¬ 
fully  because  the  remaining  amount  of  interference  present  may 
affect  test  results  obtained  in  the  shielded  enclosure, 

IX.  TESTING  THE  ENCLOSURE 

After  the  enclosure  has  been  selected  and  lighting, 
ventilation  and  electrical  power  inputs  considered,  a  series  of 
tests  must  be  performed  to  determine  if  enclosure  attenuation 
requirements  are  met.  These  three  tests,  described  below,  are 
made  with  rod,  loop  and  tuned  dipole  antennae  connected  to  the 
transmitter  and  receiver  in  the  required  frequency  range. 

Magnetic  field  tests  are  normally  performed  in  the 
frequency  range  of  14  to  200  KC,  Tests  through  this  frequency 
range  will  determine  if  the  bonds  are  under  sufficient  pressure 
to  obtain,  a  rood  R„F,  contact.  A  good  means  of  comparison  for 
determir.ir.g  whether  the  seams  are  making  electrical  contact  is 
t.o  perforr.  a  magnetic  field  test  in  the  middle  of  the  panel  and  the 


test  adjacent  seams.  If  a  difference  of  more  than  1  or  2  DB  is 
noted  between  mid-panel  and  seam  readings,  a  high  RoF,  impedance 
is  probably  the  cause.  This  can  be  eliminated  by  tightening  the 
seams  and  making  another  check. 

Electric  field  tests  are  helpful  in  determining  if  there 
is  inadequate  bonding  of  the  filters  to  the  shielded  enclosure  or 
leakage  through  the  filters  themselves.  Electric  field  tests  are 
normally  made  in  the  frequency  range  of  15  to  25  MC. 

Plane-wave  tests  are  effective  in  determining  if  atten¬ 
uation  in  the  frequency  range  of  400  to  1000  MC  is  sufficient  to 
maintain  the  shielding  effectiveness  of  the  enclosure.  The  en¬ 
closure  in  subjected  to  a  high  intensity  field  in  this  frequency 
range  by  means  of  a  45  watt  transmitter  and  tests  are  made  inside 
the  enclosure  to  determine  if  there  is  adequate  attenuation.  If 
interference  is  conducted  inside  the  enclosure,  the  power  line 
inputs  should  be  throughly  investigated.  Insufficient  decoupling 
of  line  filters  in  multi-layer  shielding  is  usually  the  problem. 
Vifhen  filtering  is  placed  on  one  side  of  the  enclosure  only,  as 
in  the  conventional  line  filter,  interference  may  be  doupled  back 
in  the  power  line  and  re-radiated  inside  the  shielded  enclosure. 
With  the  second  section  of  a  two  section  line  filter  on  the  inside 
shield,  any  interference  induced  in  the  line  around  the  first 
filter  section  is  further  attenuated,  permitting  more  effective 
use  of  the  shielding  effectiveness  of  the  enclosure’s  inner 
shield. 

With  these  various  aspects  of  shielded  enclosures  in 
mind,  the  design  engineer  is  better  equipped  to  specify  the  type 
of  shielded  enclosure  required  for  a  specific  application,  3 
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^  <M  Section 

Fig.  3  -  Double-section  r-f  line  filter  for  shielded  test 
enclosure.  A  small  tube  is  connected  to  each  of  the  filters, 
as  they  enter  the  shielded  enclosure,  to  prevent  radiation 
from  leaking  around  the  filter.  In  the  double  electrically 
insulated  enclosure,  the  tube  prevents  multiple  conducting 
paths  which  tend  to  reduce  enclosure  shielding  effectiveness. 
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SHIELDING  EFFECTIVENESS  OF  VARIOUS  MATERIALS 


MATERIAL  (SINGLE-LAYER)  SHIELDING  EFFECTIVENESS 

DB 


0.032-in.  COPPER  55 
0.003 -in.  COPPER  29 
22  X  22  MESH  COPPER  35 
IS  X  20  MESH  BRONZE  24 
0.032-ino  GALVANIZED  IRON  ^^4 
1/4  X  1/4-in.  MESH  GALVANIZED  IRON  12 


(COMBINES  BOTH  PENETRATION  LOSS  AND  RE¬ 
FLECTED  LOSS,  VALUES  OBTAINED  BY  TEST  MJIDE 
AT  15  KC  IK  A  MAGNETIC  FIELD,) 
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A  POLARIZED  DISSIPATIVE  RFI 
SUPPRESSION  FILTER 


F.  N.  Hansen 

McMillan  Industrial  Corporation 
Ipswich,  Mass. 

Abstract.  -  A  new  filter  is  described,  whereby  series  inductance  and  dis¬ 
tributed  shunt  capacitance  are  combined  with  electrical  loss  in  a  compact 
device  without  the  use  of  lumped  parameter  reactive  components  and  with¬ 
out  obtaining  the  undesirable  peaks  and  valleys  which  usually  characterize 
the  attenuation  performance  of  lumped  parameter  circuits  when  plotted  in 
the  frequency  domain.  The  addition  of  a  feed-through  capacitor  on  one  end 
acts  to  polarize  this  filter,  thus  obtaining  desirable  performance  for  noise 
suppression  at  a  magnetron. 

The  filter  described  in  this  paper  helped  solve  an  unusual  RFI- 
suppression  problem.  A  commei;cial  system  designed  by  a  leading  electronics 
manufacturer  contained  a  2,  000  watts  magnetron  operating  at  2,  400  me. 

Initial  design  included  a  metal  cage  over  the  magnetron  to  contain  the  elec¬ 
tromagnetic  radiation.  The  filament  leads,  fed  through  the  metal  housing 
by  means  of  high  voltage  ceramic  isolators  (10,  000  WV  pulse)  supplied  the 
magnetron  with  about  32  amp.  60  cps  filament  current  and  served  as  nega¬ 
tive  return  for  the  high  voltage.  (See  Fig.  1.  ). 

It  is  generally  known  that  these  filament-leads  incline  to  transfer 
RF-energy  to  the  outside  of  the  system.  Since  this  power  is  radiated,  con¬ 
ducted  along  power  lines,  also  damaging  the  filament  transformer,  it  is  an 
undesired  source  of  Radio-Interference  with  communication  equipment 
located  at  the  environment  of  the  magnetron  operated  apparatus.  The  usual 
measures  to  reduce  the  RFI  by  means  of  applying  external  chokes  and  by¬ 
pass  capacitors,  shielding  of  the  leads,  lead  dressing,  etc.  were  not 
applicable  in  this  case.  Finally  it  was  tried  to  replace  the  feed-through 
isolators  by  feed  through  capacitors,  designed  to  stand  the  high  voltage. 

(See  Fig.  2) 

The  RFl-energy  conducted  along  the  filaments  was  reduced  to  a 
certain  degree.  This  solution  however  did  not  seem  practical  since,  apparent¬ 
ly  because  of  reflections,  standing  waves  originated  inside  the  magnetron 
housing,  arcing  and  sparking  on  all  joints  and  screws.  (Fig.  2) 

Therefore,  a  filter  was  designed  based  on  the  principle  of  a  com¬ 
mercial  type  of  the  McMillan  Radio  -  Interference  -  Suppression  filters 
(B-25).  This  filter  is  in  its  function  different  from  the  usual  UHF-Micro- 
wave  filters.  (Fig.  3)  Series  inductance  and  distributed  shunt  capacitance 
are  combined  with  electrical  loss  in  a  compact  device  without  the  use  of 
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lumped  parameter  reactive  components  and  without  obtaining  the  undesir¬ 
able  peaks  and  valleys  which  usually  characterize  the  attenuation  performance 
of  lumped  parameter  circuits  when  plotted  in  the  frequency  domain. 

Before  the  mechanism  of  this  filter  will  be  discussed  further, 
some  results  and  operational  characteristics  obtained  may  be  produced. 

Fig.  4  shows  the  attenuation  characteristic  of  a  simple  filter  of 
this  kind.  The  curve  designated  "A"  shows  the  attenuation  of  the  filter  designed 
for  the  above  mentioned  application.  Extremely  high  voltage  requirements 
combined  with  rather  high  current  capacity,  also  elevated  temperature  on  the 
magnetron  housing  as  such  have  reduced  the  electrical  length  of  this  filter. 

The  curve  designated  as  "B"  offers  the  attenuation  of  a  regular  power  line 
filter  for  25  amp.  ,  250  WV,  0-400  cps  of  about  the  same  geometrical  length 
(about  8  inches). 

Fig.  5  (Slide  4)  presents  a  simple  sketch  of  the  new  lossy  filter 
compared  to  the  generally  known  lossy  line  in  UHF-techniques.  The  lossy 
filter  is  shown  in  its  simplest  form  as  straight  inner  conductor  for  better 
comparison.  The  sketch  is  self-explanatory  showing  the  old  lossy  line  with 
its  resistive  inner  conductor  and  shield.  The  VSWR  is  well  retained;  the 
power  transfer  is  limited.  It  works  like  a  pad  also  for  the  power  frequency. 

The  new  filter  is  designed  to  transfer  power  as  efficiently  as 
possible,  still  suppressing  undesired  superposed  high  frequencies.  There¬ 
fore,  inner  and  outer  conductors  are  highly  conductive.  The  losses  are 
produced  in  the  mold  between  it.  The  optimum  arrangement  of  its  parameter: 


^  =  magnetic  permeability 

^  =  dielectrical  constant 

i<xnS  -  loss  tangent 

^  -  geometric  dimensions 

allows  the  suppression  of  RFI  to  an  extremely  efficient  degree. 


SUMMARY 


Besides  the  described  application  this  new  principle  of  designing 
RFI-suppression  filters  has  found  numberless  different  applications  in  power 
installation,  electronic  instrumentation  and  aircraft. 
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SHIELDING  EFFICIENCY  CALCULATION  METHODS  FOR  SCREENING,  WAVEGUIDE 
VENTILATION  PANELS,  AND  OTHER  PERFORATED  ELECTROMAGNETIC  SHIELDS 


W.  Jarva 

Filtron  Company,  Inc. 

Flushing,  N.  Y* 

Abstract.  -  The  basic  procedures  for  calculating  the  shielding  effi¬ 
ciency  of  continuous  metallic  shields,  which  were  originally  developed 
by  S.A.  Shelkunoff ,  have  been  found  to  apply  equally  as  well  to  per¬ 
forated  shields.  Methods  are  developed  for  calculating  the  shielding 
to  be  expected  from  discontinuous  shields  having  a  wide  range  of 
different  physical  structures,  and  results  are  compared  with  values 
measured  in  the  laboratory.  Theoretical  explanations  are  provided 
for  test  results  obtained  by  some  investigators,  which  are  essentially 
independent  of  frequency,  whereas  results  obtained  by  others  vary 
radically  with  frequency.  The  methods  provide  means  for  determining 
the  polarizability  of  rectangular  openings  and  also  permit  computation 
of  the  difference  in  shielding  measurements  obtained  with  antennas 
placed  close  to  or  far  from  the  shielding  barrier. 

I.  INTRODUCTION 

Many  problems  arise  not  only  in  the  field  of  radio  interfer¬ 
ence  but  throughout  the  electronics  industry  where  estimates  are  re¬ 
quired  of  the  percentage  of  electromagnetic  energy  that  may  pass 
through  or  be  reflected  from  a  perforated  metallic  surface.  The  per¬ 
forations  may  be  part  of  the  equipment  design  or  may  be  unintentional, 
and  can  range  from  a  single  opening  to  many  openings  per  square  meter 
of  surface.  A  few  examples  are  openings  in  waveguide  ventilation 
panels,  radar  antenna  reflectors,  coupling  openings  between  waveguides 
or  resonant  cavities,  and  flaws  in  shielded  enclosures. 

In  addition  to  the  large  number  of  variables  that  can  exist 
in  the  perforated  surfaces,  other  variables  due  to  the  environment  in 
which  the  barrier  is  to  operate  must  be  considered.  These  variables 
are  functions  of  such  things  as  distance  from  the  radiating  source, 
type  of  radiator,  type  of  equipment  requiring  shielding,  and  location 
of  the  equipment  with  respect  to  the  barrier. 

II.  BASIC  SHIELDING  EQUATIONS 

In  accordance  with  the  methods  of  Schelkunoff , '  leakage 
through  openings  in  metal  shields  has  been  treated  from  the  viewpoint 
of  transmission  line  theory.  In  order  to  obtain  satisfactory  estimates 
of  the  efficiency  of  a  wide  variety  of  perforated  shield  designs,  it 
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was  found  necessary  to  account  for  attenuation,  reflections,  opening 
area,  skin-depth  effects,  and  coupling  between  closely  spaced  openings. 
The  shielding  efficiency  in  decibels  is  expressed  in  simplified  form 
for  ease  of  engineering  application  as  follows: 

where 

=  aperture  attenuation  »  27-3  for  rectangular  apertures  (2) 


«  32  -4  for  circular  apertures  (3) 

d 

0  =  depth  of  apertures  In  inches 

W  =  width  of  rectangular  apertures  in  inches.  For  relation¬ 
ship  of  aperture  dimension  W  to  direction  of  fields,  see  Figure  1. 

d  =  diameter  of  circular  apertures  in  inches 

R  =  aperture  reflection  losses 
a 


=  20  log,Q 
Z 

k  =  •=—  =  ratio  of  the  aperture  characteristic  impedance  to 

the  impedance  of  the  incident  wave 

=  W/3.l42r  for  rectangular  apertures  and  magnetic  fields 

=  d/3.682r  for  circular  apertures  and  magnetic  fields 
-4 

=  jFW  1.7  X  10  for  rectangular  apertures  and  radiated 

fields 

-4 

=  jFd  1.47  X  10  for  circular  apertures  and  radiated 

fields 


(4) 


(5) 

(6) 

(7) 

(8) 


F 

r 

J 


frequency  in  megacycles  per  second 

distance  from  signal  source  to  shield  in  inches 
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=  correction  factor  for  aperture  reflections  which  becomes 
significant  when  is  less  than  10  db 


=  +20  log,Q 


(k  +  1)‘ 


Kj  =  correction  factor  for  the  number  of  openings  per  unit 

square  when  the  test  antennas  are  far  from  the  shield  in  compari¬ 
son  to  the  distance  between  holes  in  the  shield.  For  other  dis¬ 
tances,  see  under  derivations. 

“  '“Sioir 

a  =  area  of  each  hole  in  square  inches 

n  =  number  of  holes  per  square  inch 

K2  =  correction  factor  for  penetration  of  the  conductor  at 
low  frequencies 


--20  log,  I  +"1^3 
P 


where  p  =  ratio  of  the  wire  diameter  to  skin  depth  for  screening 

t 

=  ratio  of  the  skin  depth  to  conductor  width  between  holes 
for  perforated  sheets 


Copper  skin  depth  = 


2.6  X  10 


i nches 


=  correction  factor  for  coupling  between  closely  spaced 
sha 1 1 ow  holes 


^2°  '°9,o  — n-j — j 


III.  DERIVATIONS 


Attenuation  Calculations  (A^) 


The  first  three  terms  of  Equation  (1)  are  equivalent  to 
the  equations  given  by  Schelkunoff  for  continuous  metal  shields.  In 
Schelkunoff 's  equations,  A  represents  the  attenuation  as  the  wave 
passes  through  the  metal,  whereas  in  Equation  (1),  A^  represents  the 

attenuation  as  the  wave  passes  through  the  aperture  which,  for  fre¬ 
quencies  below  cutoff  in  rectangular  guides,  is  given  in  reference 
0)  as: 

Aa  =  V'  -  (fe)'' 

where  f  and  f^  are  the  frequency  under  consideration  and  the  cutoff 

frequency,  respectively.  It  will  be  observed  from  Figure  1  that  W 
is  always  that  hole  dimension  perpendicular  to  the  E  field.  Conversion 
of  Equation  (13)  to  decibels  for  frequencies  well  below  cutoff  provides 
Equation  (2)  and  a  similar  procedure  for  circular  guides  provides 
Equation  (3). 

Reflection  Calculations  (R  ) 

_ _ _ _ O 


Schelkunoff  gives  reflection  losses  as  being  a  function  of 
the  ratio  of  the  metal  intrinsic  impedance  to  the  incident  wave  imped¬ 
ance.  Similarly  in  Equation  (4),  the  reflection  losses  are  calculated 
as  a  function  of  the  ratio  of  the  waveguide  characteristic  impedance 
below  cutoff  to  the  incident  wave  Impedance.  The  characteristic 
impedance  of  a  rectangular  waveguide  well  below  cutoff  is:* 


z,  (K-) 

The  Impedance  of  the  wave  emitted  by  a  small  loop  source  at  points 
close  to  the  source  compared  to  a  wavelength  is:* 

-  Ju/ur  (15) 


Taking  the  ratio  of  Equation  (14)  to  Equation  (15),  we  have; 


which  is  the  equation  for  k  given  by  Equation  (5)  for  magnetic  fields. 
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Both  Equations  (14)  and  (15)  are  in  MKS  units,  but  in  taking  the  ratio, 

W  and  r  may  be  expressed  in  either  inches  or  meters.  Similar  procedures 
provide  Equations  (6),  (7),  and  (8). 

Corrections  to  Reflection  Calculations  (B^) 


This  factor  is  given  by  Schelkunoff  for  metal  shields  as: 


B  =  20  logjQ 


1 


Ck  -  1)^  ^-2^rt 
(k  +  1)^ 


(16) 


where  o'and  t  are,  respectively,  the  complex  propagation  constant  and 
the  thickness  of  the  shield  in  MKS  units.  In  a  waveguide  below  cutoff, 
the  phase  constant  approaches  zero  and  the  propagation  constant  becomes 

equal  to  the  attenuation  constant,  so  that  e  becomes  equal  to  the 

reduction  in  signal  intensity  in  nepers  for  twice  the  depth  of  the 

waveguide.  The  expression  e  •  therefore,  may  be  expressed  in 

^a 

decibels  and  is  equal  to  10  which  converts  Equation  (16)  to  Equa¬ 

tion  (9). 


Corrections  for  the  Number  of  Openings  that  Must  Be  Considered  (Kj) 


it  is  obvious  that  when  electromagnetic  signals  pass  through 
a  metal  shield  by  penetration  of  openings,  the  amount  of  power  that  is 
transferred  from  one  side  of  the  shield  to  the  other  is  a  function  of 
the  number  of  openings.  Not  so  obvious  is  the  fact  that  if  insertion 
loss  tests  are  made  of  the  shield,  the  results  will  be  a  function  of 
the  distance  between  the  antennas  and  the  surface  of  the  shield,  assum¬ 
ing  the  shield  to  be  centrally  located  between  the  antennas.  If  small 
antennas  of  approximately  the  same  size  as  the  openings  or  smaller  are 
used  for  test,  and  they  are  located  on  each  side  and  adjacent  to  one 
of  the  openings,  the  measured  shielding  efficiency  will  be  that  of  the 
opening  itself.  On  the  other  hand,  if  the  antennas  are  located  at  a 
large  distance  from  the  shield  in  comparison  to  the  distance  between 
holes  in  the  shield,  the  measured  shielding  efficiency  will  be  equal 
to  that  of  a  single  opening  plus  the  rati^o  (in  decibels)  of  the  total 
wall  area  illuminated  by  the  radiator  to  the  total  opening  area  located 
in  the  illuminated  region.  If  the  openings  are  evenly  distributed,  this 
ratio  is  a  constant,  since  any  change  in  the  wall  area  illuminated  will 
cause  a  similar  change  in  hole  area.  Therefore,  the  minimum  shielding 
efficiency  becomes  that  of  the  single  opening  plus  the  correction  factor 
of  Equation  (10).  At  intermediate  points,  the  shielding  efficiency  lies 
between  the  two  values. 
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Both  values  are  of  practical  importance.  The  shielding 
efficiency  near  the  shield  is  important  for  protection  of  sensitive 
equipments  which  may  be  placed  close  to  the  wails  (data  cables,  etc.) 
and  it  is  specially  important  in  cases  where  radiation  hazards  may 
exist  so  that  personnel  are  protected  who  otherwise  may  unknowingly 
enter  a  strong  field  existing  in  the  vicinity  of  a  poorly  designed 
seam.  Calculations  of  the  shielding  efficiency  in  the  interior  parts 
of  a  structure  are  important  since,  if  advantage  is  taken  of  the  added 
shielding  efficiency,  a  considerable  reduction  in  cost  of  shield  con¬ 
struction  can  be  achieved. 

Low  Frequency  Corrections  for  Screen-Type  Shields  (K^) 


Numerous  tests  have  shown  that  the  high-frequency  shielding 
efficiency  of  screening  materials  can  be  satisfactorily  approximated 
by  assuming  that  the  openings  in  the  screen  are  equivalent  in  size 
to  the  openings  in  a  flat  perforated  metal  sheet,  and  the  depth  of  the 
openings  is  equal  to  the  wire  diameter.  At  low  frequencies  when  the 
skin  depth  beco(pes  comparable  to  the  radius  of  the  wire,  a  consider¬ 
able  loss  in  shielding  efficiency  occurs.  This  may  be  considered  from 
the  viewpoint  that  the  apertures  as  waveguides  are  made  wider^  and 
shorter  by  a  skin  depth.  However,  this  approach  runs  into  difficulty 
when  the  skin  depth  becomes  equal  to  or  greater  than  the  wire  radius 
since  this  is  the  borderline  region  where  leakage  through  the  metal 
Itself  also  must  be  considered.  In  order  to  maintain  reasonable 
simplicity  for  calculation  purposes,  the  test  results  for  a  variety 
of  copper  screen  shields  were  plotted  as  a  function  of  skin  depth, 
and  an  empirical  equation  was  derived  for  the  correction  factor  as 
given  by  Equation  (11).  It  is  probable  that  this  correction  factor 
will  also  be  satisfactory  for  perforated  sheet  metal,  but  no  test  data 
are  available  for  corrobora.ti on . 


Corrections  for  Closely  Spaced  Shallow  Openings 


(K3) 


When  the  apertures  in  a  shield  are  closely  spaced  and  the 
depth  of  the  openings  is  small  compared  to  the  width,  the  shielding 
efficiency  has  been  found  to  be  greater  than  otherwise  would  be  ex¬ 
pected.  This  is  interpreted  as  being  a  result  of  coupling  between 
adjacent  holes  which  becomes  important  when  the  attenuation  through 
the  openings  is  small.  Considering  two  such  adjacent  holes,  subjected 
to  an  electromagnetic  field,  it  appears  that  the  current  induced  on 
the  conductor  between  the  holes  can  flow  into  one  side  of  a  hole  and 
return  immediately  via  the  adjacent  hole  --  in  effect  merely  encircling 
the  conductor.  Since  the  current  is  the  same  in  closely  spaced  holes, 
this  is  equivalent  to  placing  practically  a  dead  short  circuit  at  the 
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end  of  each  hole  considered  as  a  waveguide.  The  impedance  of  the  short 
may  be  approximated  for  rectangular  holes  by  the  surface  impedance  pre¬ 
sented  by  the  surface  of  the  conductor  between  the  holes, 


where  is  the  metal  intrinsic  impedance  (MKS  units) 

J  =  VT" 
cd  =  277'f 

/{  =  permeability  of  the  metal  =  1.26  x  10  ^  henries/meter  for  copper 

g  =  conductivity  of  the  metal  =  5.8  x  10^  mhos/meter  for  copper 

Direction  of  the  fields  and  current,  and  dimensions  a  and  b  are  shown  in 
Figure  2. 

The  characteristic  aperture  impedance  given  by  Equation  (14) 
is  at  all  frequencies  being  considered.  The  ratio  of  Z|^  to  2^  is, 

therefore. 


ik  _  "\  /jhLU  £  71  _  1221 

2^  “  V  g'  b  jtd/UW  "  bW 

At  frequencies  as  low  as  10  kc,  the  expression  under  the. 

radical  is  smaller  than  10  ^  showing  that  for  all  reasonable  opening 
dimensions  and  any  frequency  of  interest,  2j^  is  much  smaller  than  2^. 


In  accordance  with  transmission  line  theory,  the  input 
impedance  of  the  guide  may  be  calculated  by; 


L  coshQl  +  a  s  i  nh  CX 
2^  coshCX  +  2^  sinhCX 


whereQ(  is  the  waveguide  attenuation  in  nepers. 
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Since  for  the  express  condition  being  i nves ti gated  Ct i s 
smai 1 ,  and  since  2  «  2  ,  Equation  (19)  simplifies  to: 


2  =  2  tanhCX 

a  coshCX  a  ^ 


(20) 


The  ratio  of  the  intensities  of  the  reflected  wave  to  the 
transmitted  wave  when  the  attenuation  is  large  is  equal  to: 


+  2 


(21) 


When  the  attenuation  is  small,  the  ratio  becomes: 


2  +2 
w 


il 


4  2  2; 

w  L 


(22) 


For  all  practical  purposes,  the  wave  impedance  2  is  always 

w 

much  larger  than  either  2  or  2-  ,  and  the  ratio  of  Equations  (22)  to 

^  t 

(21)  reduces  to: 


1 


'i 


tanh(;X 


(23) 


Expressing  Equation  (23)  in  decibels  provides  the  correction 
factor  for  closely  spaced  shallow  holes  as  given  by  Equation  (12).  It 
will  be  observed  that  since  2^  is  always  larger  than  2^  for  equal  to 

10  db  or  less,  the  correction  factor  is  always  positive  and  increases 
the  shielding  efficiency. 


IV.  COMPARISONS  WITH  MEASUREMENTS 


The  results  of  tests  made  by  many  groups  who  are,  or  have 
been,  active  in  shielding  work  are  available  for  comparison  purposes. 
Many  tests  have  also  been  made  at  Filtron  on  a  variety  of  perforated 
shields.  Unfortunately,  standard  methods  of  test  have  not  been  de¬ 
vised,  which  are  acceptable  to  everyone,  so  that  the  results  obtained 
must  be  interpreted  in  each  case  in  the  light  of  the  test  methods. 

In  order  to  clarify  the  reasons  for  variations  in  test  results,  some 
discussion  is  required  of  test  methods. 


Discussion  of  Test  Methods 


The  methods  used  for  laboratory  tests  at  Fi I tron  consisted 
entirely  of  Insertion  loss  tests  made  with  small  (3"inch  diameter) 
shielded  loops.  Primary  advantages  of  the  small-loop  method  are  the 
ability  to  test  small  samples,  minimizing  of  environmental  reflection 
effects,  and  derivation  of  the  shield  quality  under  the  most  rigorous 
conditions  that  could  be  encountered  in  actual  use.  The  loops  are 
co-planer  and  are  located  with  3*5  inches  between  loop  centers  if  the 
thickness  of  the  test  sample  permits.  Co-planer  orientation  of  the 
loops  permits  estimates  of  the  wave  impedance  to  be  made  for  calcula¬ 
tion  of  reflection  losses.  The  field  emitted  in  the  plane  of  the 
loop  causes  a  unidirectional  current  to  flow  on  the  test  sample  at 
the  point  between  the  loops,  and  tests  that  area  with  a  wave  having 
essentially  the  impedance  of  a  wave  from  an  infinitesimal  loop  located 
at  the  same  distance  as  the  center  of  the  test  loop. 

Some  experimenters  have  used  coaxial  loops;  however,  this 
method  of  test  has  a  number  of  disadvantages.  The  field  emitted  in  the 
direction  of  the  loop  axis  causes  a  circular  current  to  be  induced  on 
the  test  sample.  If  a  straight  seam  is  under  test,  currents  flow  in 
opposite  directions  over  the  top  and  bottom  halves  of  the  seam.  The 
wave  impedance  in  the  axial  direction  is  zero  on  the  axis  and  gradually 
increases  with  distance  from  the  axis  so  that  the  impedance  ratios 
vary  from  point  to  point  and  reflections  are  difficult,  if  not  impossible, 
to  calculate.  In  general,  tests  made  with  coaxial  loops  should  give 
lower  insertion  loss  values  because  of  the  lower  wave  impedance  and, 
consequently,  lower  reflection  losses. 

Many  tests  have  been  reported  using  antennas  housed  in  metal 
enclosures.  In  this  case,  if  the  antennas  are  located  deep  within  the 
enclosures  so  that  they  are  far  from  the  test  sample  in  comparison  with 
the  dimensions  of  the  enclosures,  the  test  becomes  equivalent  to  an  In¬ 
sertion  loss  test  in  a  waveguide  transmission  line.  The  wave  impedance 
becomes  equal  to  the  characteristic  impedance  of  the  guide  for  the 
particular  mode  being  generated.  This  is  particularly  significant  for 
tests  made  with  h i gh- impedance  antennas.  The  presence  of  the  metallic 
enclosure  so  reduces  the  wave  impedance  that  the  reflection  losses 
become  far  less  than  expected  with  such  antennas. 

Testing  of  shielded  enclosures  for  plane  waves  use  the 
radiation  field,  and  necessitate  the  use  of  reasonably  efficient 
antennas  separated  a  considerable  distance  compared  to  a  wavelength. 

Use  of  highly  directive  antennas,  such  as  helixes  or  dipoles,  with  a 
corner  reflector  provide  highly  repeatable  and  accurate  test  results. 

On  the  other  hand,  antennas  such  as  the  half-wave  dipole  are  so  subject 
to  reflections  from  surrounding  objects,  observers,  etc.,  that  the 
reliability  of  the  results  becomes  largely  a  function  of  the  experience 
and  capability  of  the  testing  personnel  themselves. 
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Metal  Screening  Tests 


Low  Impedance  Tests.  Figures  3  and  4  show  the  shielding 
efficiency  of  16,  22,  40,  and  60  mesh  copper  screening  as  measured  with 
co-planer  loops.  For  comparison,  four  calculations  are  provided  for 
each  curve.  Calculations  in  this  case  were  made  with  Equations  (2), 

(^) 1  (5) >  (9) 1  (10)i  and  (II).  The  agreement  between  measurements 
and  calculations  is  within  5  db  and  in  most  cases  is  considerably  better. 
It  will  be  observed  that  all  the  curves  exhibit  a  characteristic  dip 
in  the  region  of  200  me.  This  is  probably  due  to  the  loop  wave  imped¬ 
ance  becoming  complex,  since  the  current  around  the  loop  perimeter  is 
no  longer  constanli. 

Figure  5  gives  the  insertion  loss  obtained  with  No.  2  mesh 
copper  screen,  again  measured  with  co-planer  loops.  These  tests 
demonstrate  the  coupling  between  shallow  closely  spaced  openings. 
Calculations  were  based  on  Equations  (2),  (4),  (5),  (9).  (10),  (11), 
and  (12),  and  are  in  good  agreement  with  the  measurements,  although 
the  calculations  were  very  nearly  equal  at  10  me.  The  wire  diameter 
was  large,  so  that  low-frequency  skin  depth  corrections  were  small 
as  shown  by  the  flatness  of  the  curves.  The  somewhat  erratic  nature 
of  the  curves  is  probably  due  to  the  nonhomogenous  character  of  the 
shields  and  coupling  effects  permitted  by  the  low  attenuation. 

Similarity  of  the  curves  indicates  the  presence  of  some  variables 
in  this  special  case,  which  are  nOt  accounted  for  in  the  calculation 
methods.  Since  practically  all  the  shielding  efficiency  is  due  to 
reflection  losses,  the  relative  changes  in  the  complex  guide  imped¬ 
ance  and  complex  wave  impedance  have  an  accentuated  effect  at  the 
higher  frequencies. 

Table  1  shows  the  shielding  efficiency  of  No.  22  mesh 
copper  screen  as  given  in  AFM  100-35.^  In  this  case,  calculations 
are  slightly  high  at  1  and  10  me.  The  methods  of  measurement  are 
not  known,  but  comparison  with  the  curve  in  Figure  3  shows  the  values 
are  slightly  less  than  those  obtained  with  co-planer  loops,  and 
probably  the  tests  y/ere  made  with  the  coaxial  loop  method.  The 
calculation  methods  were  the  same  as  used  for  Figures  3  and  4. 

Plane  Wave  Tests.  Table  1  also  lists  the  measured  plane 
wave  shielding  efficiency  for  No.  22  mesh  copper  screen.  Calcula¬ 
tions  using  Equations  (2),  (4),  (7),  and  (10)  give  good  agreement 
at  the  mid  frequencies,  with  a  progressively  greater  disagreement 
at  the  lower  and  higher  frequencies.  This  is  expected  at  the  low 
frequencies  because  no  correction  factor  was  applied  for  penetration 
of  the  conductor.  (The  factor  was  derived  for  loop  tests.)  Since 

the  details  of  the  methods  of  test  are  unknown,  no  explanation  can  be 
offered  for  the  high-frequency  discrepancy. 

High  Impedance  Tests.  Test  results  listed  in  AFM  100-35 
as  h i gh- i mpedance  measurements  are  also  given  in  Table  I.  The  cal¬ 
culations  which  were  made  in  this  case  assumed  that  the  actual  wave 
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impedance  used  in  the  test  setup  was  equal  to  that  of  a  30-inch  square 
waveguide.  It  is  obvious  that  since  the  measured  values  are  consider¬ 
ably  less  than  the  plane  wave  results,  the  wave  impedance  was  sub¬ 
stantially  less  than  that  of  free  space  (377  ohms).  The  term  high 
impedance  is  defined  as  being  greater  than  that  of  free  space,  so 
that  the  reported  results  are  actually  1 ow- i mpedance  test  results, 
although  not  as  low  as  obtained  with  loop  tests.  It  appears  that 
the  h i gh- impedance  radiator  was  contained  in  a  metallic  enclosure, 
which  substantially  reduced  its  effective  wave  impedance. 

Ventilation  Panel  Tests.  Table  2  lists  the  results  of 
measurements  made  on  a  wavegui de-below-cutoff-type  ventilation  panel. 

The  openings  in  the  panel  were  1  7/8  inches  square  and  2  3/k  inches 
deep.  Tests  were  made  on  this  sample  with  both  the  insertion  loss 
method  and  with  an  attenuation  method,  to  demonstrate  the  inaccuracies 
inherent  in  the  insertion  loss  test  when  the  sample  is  thick  compared 
to  the  distance  between  loops. 

Calculations  were  made  using  Equations  (2),  (4),  and  (5) • 
Co-planer  loop  tests  were  used.  The  metal  thickness  was  large  com¬ 
pared  to  skin  depth  at  all  frequencies.  Since  the  hole  area  was  much 
greater  than  the  metal  area,  none  of  the  correction  factors  apply. 

It  will  be  observed  that  the  insertion  loss  measurement  of  25  db  is 
considerably  less  than  the  calculated  sum  of  reflection  and  attenua¬ 
tion  losses,  which  are,  respectively,  2.5  and  40  db.  For  insertion 
loss,  the  loops  were  positioned  with  their  centers  6  inches  apart, 
so  the  sample  could  be  inserted  and  a  true  insertion  loss  test  made. 

To  make  the  shielding  efficiency  test,  the  initial  reading  (shield 
out)  was  made  with  the  loop  perimeters  touching,  everything  else 
remaining  the  same.  This  in  effect  (insofar  as  the  pickup  loop  could 
measure  the  intensity  of  the  incident  field  without  affecting  it) 
would  provide  two  readings  which  are  proportional  to  the  incident 
field  intensity  just  inside  the  shield  to  the  transmitted  field  just 
outside  the  shield,  conforming  to  the  definition  of  shielding  efficiency. 

It  is  obvious  that  the  difference  between  the  two  series  of 
tests  must  be  due  to  the  difference  in  the  initial  signal  level  measured 
with  the  shield  out.  Since  the  loops  were  brought  closer  together  from 
a  center  separation  of  6  inches  to  that  of  3  inches,  the  ratio  of  the 
field  intensities  i s  8  to  1  or  18  db.  (At  the  frequencies  and  dis¬ 
tances  under  consideration,  the  field  varies  inversely  as  the  cube  of 
the  distance.) 

Therefore,  the  insertion  loss  test  was  too  low  by  about  18 
db.  Consideration  of  the  physical  conditions  of  the  test  indicates 
that  when  the  wave  entered  the  guide,  it  was  confined  to  the  dimensions 
of  the  guide,  and  the  inverse  cube  loss  was  not  permitted  for  the  length 
of  the  guide  although  the  usual  guide  attenuation  still  applied.  In 
other  words,  everything  else  remaining  the  same,  reduction  of  the  test 
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sample  thickness  to  a  small  fraction  of  6  inches  would  reduce  the 
"shield. in"  insertion  loss  reading  by  18  db  because  of  spreading  out 
of  the  field.  This  demonstrates  the  fact  that  insertion  ioss  tests 
are  equal  to  the  shielding  efficiency  only  when  the  test  sample  is 
thin  compared  to  the  distance  between  the  test  antennas. 

Antenna  Reflector  Calculations 


A  particuiar  problem  that  often  arises  is  the  question  of 
antenna  reflector  design,  where  it  is  desired  to  maintain  adequate 
reflection  from  a  surface  having  maximum  opening  size.  The  large 
openings  may  be  required  to  minimize  wind  drag,  weight,  or  for  reasons 
of  economy. 


A  usual  design  used  in  the  UHF  range  employs  a  square  mesh 
of  one  opening  per  inch  and  a  conductor  diameter  of  0.080  inch.  Assum¬ 
ing  a  frequency  of  400  me.  Equations  (2),  (4),  (7),  (9) >  and  (10) 
provide  a  ratio  of  8.5  db  for  the  ratio  of  the  incident  wave  to  the 
transmitted  wave.  The  holes,  closely  spaced  and  having  an  attenuation 
of  only  2.4  db,  fall  in  the  category  requiring  application  of  the 
correction  factor  (Equation  12).  Thi*'  provides  an  additional 

reflection  of  11.4  db,  bringing  the  total  ratio  to  19.9  db,  which 
corresponds  to  a  power  reflection  of  about  100  to  1.  Comparison  with 
results  obtained  from  a  nomograph  in  the  IRE  Proceedings  of  February 
196i5  indicates  agreement  within  about  1  db. 


Polari zed  Open! nqs 


Another  prob'em  that  is  often  encountered  concerns  the  ratio 
of  the  leakage  through  an  elongated  opening  when  the  incident  field 
polarization  is  parallel  to  the  aperture  to  that  obtained  with  per¬ 
pendicular  polarization.  H.  A.  Bethe^  has  provided  means  for  cal¬ 
culating  the  polarization  of  apertures  in  infinitely  thin  walls.  As 
far  as  is  known,  no  one  has  approached  the  problem  in  a  manner  which 
includes  the  effect  of  opening  depth.  An  equation  for  polarizability 
of  rectangular  apertures  may  be  obtained  by  taking  the  ratio  of 
Equation  (1)  for  the  two  different  directions  for  each  type  of  field. 
For  instance,  the  difference  in  reflection  losses  for  a  single  opening 
and  low  impedance  fields  would  be  represented  by: 
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where  h  is  the  longer  opening  dimension  and  is  the  attenuation 
obtained  when  the  field  is  polarized  parallel  to  it.  is  the 
attenuation  with  the  field  polarized  parallel  to  W. 

The  difference  in  attenuation  would  be  represented  by 

A2  -  A,  =  27. 3D 

Calculations  for  an  aperture  4  inches  long  and  1/10  inch 
wide  in  a  metal  panel  1/16  inch  thick  indicate  a  reflection  difference 
of  24  db  and  an  attenuation  difference  of  16.5  db,  so  that  the 
polarizability  is  equal  to  40.5  db.  Practical  experience  has  shown 
that  polarizabilities  of  this  magnitude  are  often  encountered  in  the 
field. 


V.  CONCLUSIONS 

The  extensive  range  of  variables  over  which  agreement  is 
obtained  between  calculations  and  experimental  results  indicates  that 
the  basic  concepts  introduced  by  Schelkunoff  provide  the  correct 
approach  to  opening  leakage.  It  is  concluded  that  each  of  the  terms 
of  Equation  (1)  describes,  or  approximates,  with  reasonable  accuracy, 
the  actual  physical  events  which  take  place  during  the  shielding 
process . 


Results  of  general  significance  indicate  that  the  char¬ 
acteristically  flat  shielding  efficiency  curves  obtained  by  many 
investigators  is  due  to  the  test  method.  Variations  of  reflection 
losses  are  eliminated  because  the  source  wave  impedance  and  aperture 
characteristic  impedance  vary  in  the  same  manner  with  frequency. 

Use  of  the  shielding  materials  under  actual  conditions  where  the 
incident  wave  impedance  is  either  equal  to  or  greater  than  that  of 
plane  waves  will  provide  shielding  considerably  greater  than  the 
measured  values.  Tests  made  with  loops  apply  accurately  to  the 
minimum  shielding  to  be  obtained  under  any  conditions,  but  tests 
made  with  enclosed  h i gh- impedance  sources  require  evaluation  before 
they  can  be  appi i ed. 

Heretofore,  methods  for  determining  the  polarizability  of 
unsymmctr i ca I  apertures  have  only  been  available  for  infinitely  thin 
metal  sheets.  The  methods  described  permit  calculation  of  the 
polarizability  of  rectangular  apertures  of  any  depth.  If  equations 
are  developed  for  the  characteristic  impedance  and  attenuation  constant 
of  apertures  of  other  shapes,  then  their  polarizabilities  may  also  be 
determined.  As  a  matter  of  fact,  these  equations  can  be  developed 
empirically  through  a  simple  series  of  tests. 
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Design  of  antenna  reflectors  or  other  reflecting  surfaces 
where  minimum  weight,  cost,  or  wind  drag  may  be  of  importance  may  be 
performed  without  the  need  for  previous  empirical  tests.  Present 
designs  can  be  considerably  reduced  in  metal  content  if  it  is  known 
that  they  will  be  used  only  with  waves  of  a  particular  polarization. 

Design  of  large  shielded  enclosures  for  which  a  particular 
value  of  shielding  efficiency  is  known  to  be  required,  may  be  greatly 
reduced  in  construction  cost  if  ad/antage  is  taken  of  the  added 
shielding  quality  provided  at  the  interior  regions  of  the  enclosure. 
The  methods  described  provide  means  for  obtaining  the  required  shield¬ 
ing  quality  at  any  desired  distance  from  the  shielding  barrier. 
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TABLE  ! 


COMPARISON  WITH  MEASUREMENTS  REPORTED  IN  AFM  100-35 


Screen 

Type* 

Tes  t 
Type 

Freq 

(MC) 

Meas 

Val ues 
(DB) 

Ca  1  c 
Val ues 
(DB) 

No.  22 

Mag 

0.085 

31 

28 

1 5  mi  1 

field 

1.0 

43 

45 

10.0 

43 

49 

No.  22 

Plane 

0.2 

118 

124 

15  oii  1 

Waves 

1 .0 

106 

110 

5-0 

100 

95 

100.0 

80 

70 

No.  22 

Elec 

0.014 

65 

**65 

15  mil 

field 

to  60 

No.  12 

Elec 

0.014 

50 

**53 

20  mi  1 

field 

to  60 

♦  All  screens  made  of  copper. 

**These  values  assume  a  wave  impedance  equal  to  that  of 
30-inch  square  waveguide. 


TABLE  II 


COMPARISONS  OF  MEASUREMENTS  AND  CALCULATIONS  FOR 
VENTILATION  PANEL  WITH  1  7/8  INCH  SQUARE  OPENINGS  2  3/4  INCHES  DEEP 


Freq 

Mi 

0.15 

10 

25 


Measurements 


1 nsertion 

Shi  el di ng 

Loss  Test* 

Efficiency  Test* 

(OB) 

(DB) 

**24 

**25.5 

45 

**26 

44.5 

_ Cal culati ons _ 

Attenuation  Reflections 

(DB)  (DB) 

40  2.5 

40  2.5 

40  2.5 


* 


** 


A1 1  tes  ts 
Cal culated 


made  with  co-planer  loops, 
correction  for  insertion  loss 


tests  +18  DB. 
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Dl RECT I  ON  OF 
I  NCI  DENT  FIELDS 


(a)  FIELD  POLARIZES  PERPENDICULAR  TO  LONG  DIMENSION 


j- —  W — ^ 


(b)  FIELD  POLARIZED  PARALLEL  TO  LONG  DIMENSION 


FIGURE  i.  RELATIONSHIP  OF  RECTANGULAR  APERTURE  DIMENSION  "W"  TO 
DIRECTION  OF  FIELD  COMPONENTS 


FIG.  3  INSERTION  LOSS  OF  16  AND  22  MESH  COPPER  SCREENS 


IG.  4  INSERTION  LOSS  OF  40  AND  60  MESH  COPPER  SCREENS 
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FIG.  5  INSERTION  LOSS  OF  2  MESH  COPPER  SCREENS 


RADIO  INTERFE3RENCE  AND  SUSCEPTABTUTY  STUDY  OF 
HIGH  POWER  TRANSMITTER  JAMMERS 


T.  B.  Brown  and  W.S.  Schwagart 
The  Halllcrafters  Company 
Chicago,  Illinois 


Abstract.  -  This  paper  will  be  concerned  with  the  study  of  radio  frequency 
interference  suppression  on  a  group  of  three  airborne  high  power  transmitter 
barrage  jajmners. 

The  scope  of  this  presentation  will  be  primarily  a  historical 
account  of  the  efforts  of  three  project  design  groups  to  qualify  the  equip¬ 
ments  to  military  radio  Interference  requirements.  It  is  intended  that  the 
information  contained  herein  will  be  of  maximum  help  to  those  actively  engaged 
in  qualifying  similar  military  equipment.  For  this  reason,  emphasis  is  placed 
on  practical  approaches  rather  than  theoretical. 

Because  the  equliaiients  are  classified,  reference  will  not  be  made 
to  nomenclature  and  specific  operating  frequencies.  A  brief  description  of  the 
three  transmitter  systems  is  as  follows: 

1)  A  microwave,  "S"  band,  systan  consisting  of 

a)  Transmitter  unit  containing  a  voltage  timed 
high  power  carcinotron  with  suitable  high 
voltage  and  noise  modulation  circuitry. 

b)  An  oil  circulating  heat  exchanger  unit. 

c)  A  control  indicator. 

2)  A  UHF  system  consisting  of 

a)  A  driver  unit  with  a  noise  source  and  low 
level  distributed  amplifier. 

b)  An  amplifier  unit  which  features  a  high 
power  traveling -wave  tube. 

c)  A  control  Indicator  unit. 

3)  A  iHF  system  consisting  of 

a)  A  power  supply  unit. 

b)  Two  transmitter  units,  one  low  band  and 
the  other  high  band  -  both  featuring  a 
noise  source  with  low  and  high  level 
distributed  amplifiers . 

It  is  probably  safe  to  say  that  diiring  the  design  of  an  airborne 
barrage  jammer  the  engineering  staff  encounters  almost  every  type  of  RFI 
suppression  problem  known.  The  fact  that  the  barrage  jammer  design  is 
deliberately  aimed  at  producing  high  level  wide  band  radio  frequency  inter¬ 
ference  to  smother  radar  reception  creates  a  most  interesting  challenge  in 
channeling  this  energy  to  the  antenna  only.  The  engineering  solutions  to 
suppression  of  noise  conducted  in  the  power  lines  and  noise  radiated  from  the 
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equipment  range  from  the  application  of  well-knovn  techniques  throu^  the 
examination  of  the  latest  most  sophisticated  methods.  One  familiax  fundainental 
point  loomed  laorge  throughout  the  evolution  of  these  projects.  The  initial 
evaluation  of  RFI  problems  in  the  early  design  stages  was  an  absolute  necessity 
and  without  it,  size  and  weight  would  unquestionably  have  been  much  hi^er. 

All  of  the  three  equipments  evolved  frcm  previous  studies  in  which 
protot5q)es  were  designed  and  submitted  for  Air  Force  countermeasure  tests. 

Even  before  this  work  culminated  in  contract  awards  for  fully  qualified 
production  units,  studies  had  been  made  on  prototypes  to  determine  the  problems 
in  designing  to  meet  specification  MIL-I-26600.  Information  frcm  these  studies 
then  was  used  to  generate  Radio  Interference  Control  Plans  for  the  pre- 
production  prototypes . 

The  preliminary  parallel  studies  of  these  three  equipments  pointed 
out  one  salient  fact.  A  maximian  effort  to  suppress  radiated  and  line  conducted 
noise  at  the  circuit  level  was  to  be  retarded  by  the  presence  of  certain  design 
requirements.  Some  of  these  requirements  and  their  effects  are; 

1)  Plug-in  modules  which  render  continuous  shielding 
difficult  and  in  some  cases  impossible. 

2)  A  high  system  reliability  requirement  which,  in 
some  Instances,  was  at  odds  with  the  quantity 

of  extra  ccanponents  necessary  to  provide  adequate 
suppression. 

3)  Space  factors  of  the  circuit  modules  which,  in 
some  instances,  did  not  permit  roan  for  adequate 
circuit  suppression  or  shielding. 

Because  of  these  factors,  it  seemed  evident  that  a  large  share  of 
the  noise  suppression  effort  must  be  relegated  to  the  filtering  of  conductors 
leaving  the  transmitter  and  the  shielding  provided  by  the  external  case  and 
front  panel. 

Actually,  the  entire  noise  suppression  task  on  each  of  the  three 
equipments  became  an  effort  to  conbine  best  practical  circuit  suppression 
techniques  with  rigorous  shielding  and  filtering. 

There  were  Sf'veral  fundamental  suppression  techniques  used  in 
canmon  to  all  three  transmitters,  as  listed  below: 

1)  Filament  and  B+  leads  were  by-passed  at  each  point 
of  entry  to  or  exit  from  a  module. 

2)  Sliielding  was  used  on  all  signal  leads  to  suppress 
radiation  and  to  prevent  crosstalk. 

31  Each  module  featured  a  single  ground  return  point. 
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h)  Where  possible,  all  module  ground  conductors  were 
retvirned  to  a  single  equipment  ground  point  to 
minimize  circiilation  of  ground  currents. 

5)  All  conductors  leaving  transmitter  chassis  to 
ejcternal  cables  are  heavily  filtered.  Filter 
assemblies  are  bonded  to  the  front  panel. 

Prom  this  basic  starting  point  each  equipment  design  staff  branched 
off  into  whatever  direction  appeared  most  suitable  for  its  particular  unit. 

Shielding 


One  of  the  main  problems  encountered  in  the  design  of  the  three 
transmitters  was  the  conflict  of  radiation  suppression  with  air  cooling 
requirements.  There  is  of  course  no  mystery  in  the  fact  that,  wherever 
forced  air  is  Tised  to  dissipate  heat,  the  intake  and  outlet  openings  also 
peimit  the  emanation  of  radio  frequency  energy.  If  the  level  of  RF  energy 
present  is  high  and  there  is  little  reserve  in  air  flow  capacity,  an  acute 
problem  can  arise  in  attempting  to  suppress  radiation  without  overheating  che 
equipment.  All  non-solid  shielding  materials  such  as  perforated  metal, 
fine  mesh  copper  screening,  and  metal  honeycomb  present  a  pressure  drop  to 
airflow.  Metal  honeycomb  is  the  "cadillac"  of  these  materials,  for  very 
high  electric  field  attenuations  are  obtainable  up  throu^  the  microwave  band 
with  negligible  air  pressure  drop.  Honeycomb,  however,  has  the  disadvantages 
of  occupying  far  greater  volume  and  costing  far  more  than  either  screening  or 
perforated  metal.  As  an  example,  panels  of  honeycomb  vary  in  thickness  from 
1/4  to  3/4"  depending  upon  attenuation  desired  and  the  production  cost  of 
l/4"  material  is  approximately  50  cents  a  square  inch.  Hence,  from  the  product 
design  standpoint  in  airborne  equipment  the  first  choice  is  low  volume 
Inexpensive  flat  perforated  metal  or  screening  with  honeycomb  called  upon  for 
the  impossible  situations. 

In  this  trio  of  transmitters,  perforated  metal,  screening,  and 
honeycomb  all  found  various  applications.  The  microwave  transmitter  showed 
the  least  difflcuilty  of  the  three.  Here,  an  oil  circvilating  heat  exchanger 
dissipates  the  bulk  of  the  heat.  There  are  some  components  mounted  in  air, 
but  a  blower  of  more  than  adequate  capacity  is  employed  to  cool  them,  and  the 
pressure  di’op  in  metal  screening  is  of  little  significance.  In  the  first 
models,  oiled  dust  filters  with  three  layers  of  coarse  aluminimi  screen  were 
used  in  the  air  Intake  and  two  air  outlets .  The  dust  filters  were  found 
inadequate  to  handle  the  high  level  of  low  frequency  modulation  in  the 
transmitter  until  a  single  layer  of  fine  mesh  screening  was  eidded  to  each 
filter.  Radiation  in  the  microwave  region  is  no  problem  incidentally,  as 
long  as  the  RF  plumbing  is  tightly  sealed,  since  a  carcinotro.n  oscillator 
is  the  only  soiirce  and  is  inherently  adjnost  a  perfect  shield  chamber. 

In  the  \IIF  transmitter,  however,  tlie  high  level  distributed  amplifier  is 
rich  in  RF  fields  above  100  MC  and  is  also  entirely  dependent  upon  forced 
air  foi-  cooling. 
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The  transmitter  case  is  divided  into  two  decks,  the  upper  and  the 
lower,  with  two  compartments  in  the  lower  deck  and  three  compartments  in  the 
upper  deck.  One  common  blower  provides  air  for  cooling  all  of  the  tubes  in 
the  transmitter. 

All  forms  of  non-solid  shielding  in  the  outer  case  were  tried  with 
poor  results  in  cooling  until  honeycomb  was  applied.  Some  inconvenience  was 
suffered  in  that  the  l/4"  thick  honeycomb  could  be  placed  nowhere  except  on 
the  external  surface  of  the  cover.  Attenuations  of  from  30  to  90  DB  above 
100  KC  are  achievable  with  honeycomb  thickness  varying  fran  l/k  to  SA  inch. 
Below  100  KC,  H-fleld  attenuations  of  honeycomb  become  Inferior  to  that 
obtainable  with  perforated  metal  or  fine  mesh  screening. 

The  UHF  transmitter  consists  of  two  units,  a  low  level  driver  and 
a  power  amplifier  both  air  cooled.  In  the  driver,  no  problem  was  experienced 
with  perforating  the  cover  for  air  outlet.  The  power  amplifier  employing  a 
traveling-wave  tube  which  confines  the  passband  energy  quite  well,  showed 
uncomfortable  levels  of  Intermodulation  products  in  the  50  MC  region.  Forced 
air  cooling  was  dangerously  inhibited  in  suppression  of  the  inteimodulation 
products  until  honeycomb  was  employed  in  air  inlet  and  outlet  openings. 

The  foregoing  emphasis  on  the  applications  for  shielding  forced 
air  ports  is  not  Intended  to  leave  the  impression  that  this  was  the  only 
shielding  problem  in  the  three  transmitter  jammers.  Everywhere  throughout 
the  construction  of  the  imits  will  be  found  the  application  of  woven  mesh 
gasketing  between  dust  covers  and  x)anels  and  module  chassis.  Where  rough 
cast  surfaces  bear  on  smooth  panels,  aluminum  mesh  embedded  in  sheet  neoprene 
was  glued  to  the  casting  with  conductive  cement  to  prevent  radiation  leaks 
between  panel  and  casting. 

Some  of  the  shielding  methods  for  individual  transmitters  as  now 
related  will  illustrate  the  diversity  in  solutions. 

Tlie  top  of  the  VHP  transmitter  case  is  removable  to  allow  access 
to  the  modiiles  of  the  upper  deck.  Shielding  in  the  form  of  beryllivmi  copper 
finger  stock  was  riveted  to  the  outside  edges  of  this  cover  to  pro\>lde  good 
contact  to  the  case  and  prevent  RFI  radiation. 

The  UHF  transmitter  consists  of  two  sections,  one  transmitter  unit 
and  one  power  amplifier  unit.  The  transmitter  unit  is  divided  into  three  modules 
constructed  as  drawers  which  slide  into  three  compartments  in  the  transmitter 
case.  Berylllvun  copper  finger  stock  was  used  to  gro^md  the  drawers  to  the 
transmitter  case.  Connecting  cables  between  modules  were  placed  in  metal 
channels  to  prevent  crosstalk. 

The  philosophy  of  the  project  groups  in  selecting  beryllium  copper 
fingers  rather  than  woven  metal  mesh  gasketing  was  that  finger  stock  would 
retain  its  resiliency  better  after  a  large  number  of  engagements  and  disengage¬ 
ments  with  the  top  cover.  Since  the  cover  on  the  VHP  transmitter  and  the 
drawers  of  the  UHF  transmitter  must  be  removed  for  any  maintenance,  it  was 
expected  that  the  fingers  would  have  better  life  characteristics.  Experience  in 
the  Microwave  dust  cover  has  shown,  however,  that  the  use  of  monel  in  woven 
metal  mesh  gaskets  for  this  type  of  application  is  quite  satisfactory. 
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In  both  the  microwave  and  VHF  units,  active  and  spare  fuses  were 
sources  of  radiation.  Active  fuses  sometimes  act  like  antennas,  radiating 
the  low  frequency  noise  frcst>  diode  power  supplies.  Also,  the  canplete  lack 
of  shielding  in  comnercial  fuseholders  permits  any  internal  high  frequency 
noise  to  pour  throu^  the  opening  in  an  otherwise  well  shielded  panel. 

Typical  solutions  were  solid  metal  shields  placed  on  spare  fuseholders  in 
the  microwave  transmitter,  while  ceramic  capacitors  bypassing  active  fuses 
proved  sufficient.  In  the  VHF  transmitter,  where  all  fuseholders  were  grouped 
together,  a  shield  comprised  of  solid  metal  with  wire  mesh  gasketing  was  used 
to  surround  the  fuse  cluster  on  the  front  panel. 

Actually,  fuse  suppression  problems  have  been  plaguing  the  electronic 
equipment  designer  for  so  long  that  it  is  strange  no  concerted  effort  to 
market  a  shielded  fuseholder  has  been  made.  It  is  recommended  that  enter¬ 
prising  fuse  manufacturers  review  this  market  potential. 

One  of  the  difficult  canprcmlses  in  KFI  product  designing  stems 
from  the  eternal  conflict  between  military  metal  finishing  specifications  and 
interference  specifications.  The  task  of  establishing  direction  to  the 
mechanical  designers  activities  can  be  simplified  if,  at  the  project  Inception, 
the  principle  is  firmly  stressed  that  noise  suppression  requirements  take 
precedence  when  incompatible  with  paint  finishing  specifications.  Corrosion 
problems  because  of  dissimilar  metals  in  RF  gaskets  and  adjacent  surfaces  was 
once  a  trying  problem.  Now  with  such  materials  as  aluminum,  monel,  copper 
and  silver-plated  copper  available  in  commercially  available  metal  mesh 
gaskets,  the  task  of  choosing  compatible  metals  has  been  greatly  simplified. 

Filters 


In  all  of  the  three  transmitters,  filter  assemblies  in  shielded 
compartments  inclosing  the  main  connectors  were  employed.  The  packaging  of 
the  filters  however,  was  determined  by  the  space  available.  In  the  VHF 
transmitter,  sufficient  volume  was  available  to  permit  the  use  of  hermetically 
sealed  capacitors  and  coils  installed  in  compartments  with  removable  covers. 

In  both  the  microwave  arrd  UHF  equijsnents,  however,  filtering  volume  was  at  a 
premium  and  the  employment  of  conpletely  sealed  and  potted  connector  filter 
assemblies  with  high  density  packing  of  conponents  was  mandatory. 

Since  the  designer  often  faces  a  choice  between  these  two  styles 
of  filter  packaging,  it  is  worthwhile  to  srmimariza  their  relative  merits. 

In  general,  it  can  be  said  that  the  vinpotted  filter  assembly  with  removable 
covers  offers  high  ease  of  maintenance,  since  any  defective  component  may 
be  replaced.  Its  disadvantages  are  poor  space  economy  and  in  some  cases  poorer 
price  economy. 

The  sealed  filter  connector  package  permits  the  greatest  density 
of  components  and  in  production  volume  can  often  be  purchased  at  less  cost. 
However,  the  failure  of  any  one  component  necessitates  the  replacement  of 
the  entire  package,  which  in  the  instance  of  one  assembly  in  the  microwave 
conprises  twenty-two  filter  circuits.  Hence,  the  design  of  the  filter  must 
be  directed  toward  the  achievement  of  extremely  hlgji  reliability. 
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Inasmuch  as  sealed  multi -circuit  filters  are  becoming  more  common 
in  airborne  equiiment  applications  and  the  reliability  requirements  for 
airborne  equipments  are  continuing  to  rise,  it  is  worthwhile  to  review  seme 
of  the  problems  the  equipment  designer  faces  in  specifying  and  procuring 
filters .  The  design  procedures  in  selecting  the  optimum  filter  circuit  and 
circuit  parameters  have  been  thoroughly  discussed  in  the  literature. 

Essentially,  the  only  electrical  design  problem  in  multi -circuit  filters  not 
cemmon  to  single  filters  is  leakage  or  crosstalk  between  circuits.  This  can 
become  a  serious  problem  at  frequencies  above  1  MC  if  adequate  precautions  are 
not  taken.  In  a.  well  designed  multi -circuit  filter,  one  will  usually  find 
that  good  high  frequency  bypassing  techniques  have  been  employed  at  the 
filter  input;  that  internal  to  the  enclosiire  the  input  is  well  shielded  from 
the  output  section;  and  that  magnetic  cot'plirig  between  adjacent  coils  has 
been  minimized  through  the  use  of  toroids.  Let  us  say  that  all  this  has  been 
done  and  a  filter  package  prototype  is  at  hand  which  permits  the  equipment 
to  comply  with  the  applicable  radio  noise  specification.  Let  us  say  further 
that  all  electrical  components  have  been  selected  with  the  applicable  environ¬ 
mental  extremes  carefully  considered.  And  finally,  let  us  say  that  a 
reliability  analysis  has  been  made  using  the  most  sophisticated  mathematical 
tools  and  a  satisfactory  reliability  factor  has  been  predicted.  There  then 
remains  one  more  task  for  the  equipment  designer  to  perform  -  canpletely 
review  the  Internal  constmetion  and  workmanship  of  the  preproduction 
prototype.  The  following  items  comprise  a  list  of  headaches  experienced  in 
the  products  of  some  of  the  top  filter  manufacturers  in  this  countrj’-; 

1)  Inadequate  stripping  of  formvar  wire  causing 
cold  solder  connections  after  many  hovirs  of  use. 

2)  Too  low  a  gauge  on  wire  from  coils  to  terminals, 
permitting  breakage  caused  by  varying  stresses 
in  the  potting  cempound. 

3)  The  use  of  potting  compovinds  that  react  chemically 
with  solder  causing  eventual  open  circuits  and/or 
holes  in  the  soldered  can  .veams  allowing  the 
entrance  of  moist'ure. 

4)  Poorly  conceived  filter  cans  that  permit  excessive 
stres.3  on  solder  seams  also  resTilting  in  eventual 
leakage  holes. 

5)  Too  great  a  reliance  upon  potting  ccsiipound  to 
mechanically  support  components . 

6)  Improper  insulation  between  adjacent  circuits 
permitting  eventual  ei rcuit-to-clrcuit  or  dreuit- 
to-ground  shorts . 

Perhaps  it  would  require  unusual  clairvoyance  for  the  design 
engineer  with  responsibility  for  purchased  parts  approval  to  detect  or  anticipate 
all  the  design  weaknesses  of  the  t;.'pcs  mentioned.  Experience  has  shown, 
however,  that  the  following  minimum  procedure  will  weed  out  the  majority  of 
defects  and  is  well  worth  t-.e  time  and  cost; 
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1)  Request  the  vendor  to  supply  one  protot5^ej 
unpotted  and  unsealed.  Examine  the  wired 
interior  thoroughly  and  write  down  all  possible 
visible  trouble  spots  using  plain  common  sense 
as  a  guide. 

2)  Using  a  completel;/  finished  sealed  and  potted 
sample,  cut  filter  into  sections  and  Inspect  for 
air  pockets  in  the  potting  compound. 

3)  Perform  the  following  on  at  least  three  and 
preferably  more  samples : 

a)  Temperature  cycle  (-55  to  100^0 )  for 
100  to  200  cycles  with  a  continuous 
monitoring  of  continuity  on  all 
circuits. 

b)  Humidity  and  temperatvire  cycle  (to 
applicable  specification) . 

c)  Fallowing  hpnidity  a  voltage  flash 
test  on  all  terminals  at  2j  times 
rated  voltage. 

4)  Where  space  permits,  insist  that  capacitors  be 
hermetically  sealed  even  though  the  filter 
enclosure  is  potted  and  solder  sealed. 

5)  In  writing  the  filter  specification,  leave 
absolutely  nothing  to  imagination.  There  is 
no  substitute  for  rigorously  spelling  out  all 
environmental  requirements,  current  and  voltages, 
permissible  temperature  rise,  voltage  drop,  and 
minimum  insertion  losses,  and  voltage  flash  ratings,. 

MIL-F-15733,  the  only  military  specification  available  on  filters, 
is  often  used  as  a  guide  but  is  suitable  only  to  the  extent  that  detailed 
environmental  and  other  special  requirements  are  Included. 

In  the  transmitter  jammer  group,  the  primary  power  sources  are 
115  volts,  3-phase,  hoo  CPS,  4-wlre  and  28  VDC.  With  the  AC  neutral  and  DC 
negative  combined  in  one  ground  conductor,  five  filters  are  required  for 
power  input.  Power  circuit  filtering  was  always  separated  physically  from 
other  filtering  to  avoid  heat  dissipation  and  crosstalk  problems. 

Each  jammer  system  consists  of  three  units.  Placement  of  filtering 
depended  upon  the  function  of  the  units,  which  were  not  uniform.  Hence,  the 
distribution  of  filtering  among  the  three  units  of  each  system  was  unique 
to  the  system.  In  the  microwave  equipment,  filtering  was  required  in  the 
transmitter  unit  and  found  unnecessary  in  either  the  heat  exchanger  or  control 
unit. 
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The  \TIF  equipment,  however,  ccsnprised  of  power  supply,  transmitter, 
and  control  units  required  filtering  in  adl  but  the  latter. 

In  sane  instances,  rigorous  filtering  at  the  module  source  was 
necessary  in  addition  to  main  filtering  of  unit  output  cabling.  Examples 
of  this  are  found  in  the  UEF  transmitter  equipment,  which  employs  traveling- 
wave  tube  circuitry. 

Noise  from  the  diode  rectifiers  of  the  driver  power  supply  was 
found  on  the  power  leads.  Bypassing  each  diode  with  a  disc  capacitor 
minimized  the  noise  on  these  lesids.  Noise  was  also  being  conducted  and 
radiated  from  the  bias  leads  of  the  power  amplifier  tubes.  RF  chokes  were 
placed  at  grids  suppressing  noise  from  this  source. 

A  connector  on  the  front  panel  which  provides  a  means  of  metering 
voltage  Eind  signal  levels  of  the  multiplier  module  was  a  hi^  level  source  of 
radiating  noise.  A  filter  box  was  constructed  with  feedthrough  capacitors  in 
each  lead.  The  connector  was  moiuited  on  the  box  and  the  assembly  mounted  to 
the  front  panel. 

The  signal  input  and  the  W/T  protect  circuit  were  coupled  to  the 
tube  with  a  "T"  connection  allowlag  signal  to  be  conducted  on  the 
control  chassis  leads.  A  special  filter  was  designed  to  connect  into  the 
"T"  providing  isolation  between  the  signal  and  the  protect  circuit.  Also, 
with  the  cathode  tied  to  the  filament  internal  of  the  tube,  the  filament 
leads  were  conducting  a  large  amount  of  signal  to  the  power  lines.  A  filter 
was  installed  in  the  power  leads  at  the  TWT  filament  transformer. 

The  effect  of  a  high  equlpnent  reliability  goal  in  some  instances 
prevented  the  use  of  simple  bypass  capacitors  when  the  quantity  required 
to  accomplish  suppression  was  considered  excessive  and  the  same  result  could 
be  obtained  with  a  filter. 

An  example  may  be  found  in  the  VHF  transmitter  where  resonances  in 
plate  and  grid  lines  of  the  final  stage  caused  spurious  signals  to  appear  in 
the  transmitter  output. 

These  responses  could  be  suppressed  with  bypass  capacitors  at 
the  tubes  but  this  required  considerable  space  in  the  compartment  and 
restricted  air  flow.  A  bandpass  filter  was  designed  to  eliminate  these 
responses  from  the  transmitter  output,  conserving  space  in  a  crowded  compartment 
and  reducing  the  number  of  components  used  by  approximately  twenty,  thus 
increasing  the  reliability  of  the  transmitter. 

Another  example  of  the  effort  to  minimize  in  the  quai.tity  of 
components  is  found  in  the  high  voltage  rectifier  circuits  of  the  microwave 
transmitter.  Over  70  diodes  are  used  in  one  rectifier  circuit.  In  order  to 
source  suppress  the  high  level  100  to  300  KC  noise  Iron  the  diodes,  a 
capacitor  bypass  across  each  diode  was  considered.  A  higher  reliability 
factor,  however,  could  be  achieved  by  accomplishing  the  necessary  attenuation 
with  large  capacitors  and  chokes  in  the  pi-type  line  filters. 
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Antenna  Conducted  Spurious  Frequency  Measurements 


The  conduct  of  tests  for  the  measurement  of  low  level  spurious 
frequencies  existent  In  the  antenna  circuit  was  a  requirement  in  the 
frequency  range  of  150  KC  to  1  GC.  The  basic  test  method  used  was  to  obtain 
a  sample  of  the  transmitter  output  fed  to  a  higher  power  50-ohm  dummy  load. 

The  sample  signal  was  taken  from  an  appropriate  coupler  to  a  suitable 
calibrated  receiver  such  as  the  Empire  Devices  NF-105  and  the  Polarad  FIM 
units.  Considerable  difficulty  was  experienced,  however,  in  obtaining  suit¬ 
able  couplers  commercially  for  this  work. 

It  was  necessary  that  couplers  provide  at  least  30  DB  of 
attenuation  in  the  passband  of  the  various  transmitters  to  protect  the  input 
circuits  of  the  receivers.  The  attenuation  outside  of  the  passband  must  be 
low  enough  to  allow  measurement  of  any  spurious  present.  Ccanmercially 
available  couplers  were  useable  frcm  30  MC  to  10  GC,  however,  below  30  MC  the 
attenuation  Increased  so  rapidly  they  were  not  useable.  Therefore,  an 
Important  part  of  this  test  program  was  to  become  the  development  of  special 
low  pass  coupling  devices. 

Several  methods  for  measuring  the  I50  KC  to  30  MC  range  were 
developed.  For  measurements  on  UHF  transmitters,  the  simplest  method 
consisted  of  a  lossy  coaxial  line  connected  from  the  transmitter  output  to 
the  receiver  input.  The  length  of  the  line  was  calculated  to  give  30  DB  of 
attemiatlon  at  the  transmitter  output  frequency.  Below  50  MC  the  attenuation 
decreased  rapidly,  allowing  the  measurement  of  any  low  level  spurious  present. 
Absorbing  the  transmitter  power  caused  a  temperature  rise  that  required 
cooling  of  the  line.  The  line  was  coiled  on  a  wooden  frame  and  spaced  so  the 
air  could  circui.ate  around  the  cable. 

A  second  method  was  devised  using  a  special  coaxial  voltage 
divider  which  when  placed  in  series  between  the  tiansmitter  output  and  an 
insulated  high  power  50-ohm  load,  interrupts  the  gi’ound  return  circuit  of  the 
load  with  a  0.1  ohm  resistor.  The  voltage  developed  across  the  0.1  ohm 
resistor  is  fed  to  a  receiver  through  a  50-ohm  matching  resistor.  In  this 
measurement  system,  the  transmitter,  coaxial  voltage  divider  and  receiver  are 
bonded  to  a  copper  ground  plane.  The  dummy  load  is  not  grounded.  The 
system  was  found  useable  to  9OO  MC. 

A  third  method  for  measuring  low  frequency  antenna  conducted  on 
microwave  transmitters  was  the  use  of  a  specially  designed  coaxial  coupler 
with  reactive  elements  in  series  with  the  probe  suitably  chosen  to  offer 
high  attenuation  of  30  to  hO  DB  above  1  GC.  An  excellent  lo-pass  characteristic 
was  obtained  in  this  coupler  with  attenuation  decreasing  to  less  than  1  DB 
at  all  frequencies  below  10  MC. 

Gusceptabillty 

The  topic  of  susceptability  has  been  relegated  to  the  end  of  this 
discussion  primarily  to  end  with  a  cheerf-ol  note.  Although,  at  the  inception 
of  the  project,  some  fears  were  expressed  over  the  effects  of  susceptability  on 
the  characteristics  of  the  noise  output,  no  problem  of  any  kind  has  ever  been 
e.-rperiencod  with  .audio  or  .KF  conducted  or  K]'  radiated  susceptability  tests. 


CONCLUSION 


The  eq^uipment  descrihed  has  now  been  delivered  to  the  Air  Force 
in  substantial  quantities,  has  been  subjected  to  operational  tests,  and  is 
a  part  of  Air  Force  training  programs .  To  date,  no  evidence  of  incompatibility 
within  the  control  of  the  designer  and  manufacturer  has  occurred,  The  endeaver 
to  improve  the  system's  performance  continues,  however,  not  only  from  an 
operational  standpoint  but  also  fran  the  viewpoint  of  Increasing  the 
effectiveness,  economy,  and  reliability  of  parts  used  for  radio  interference 
suppression. 
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RECEIVER  SUSCEPUBIHIY  UNDER  MULH-MODE  CONDITIONS 


Paul  C.  luen  and  J.  J.  Krstansky 
Armour  Research  Foundatlwi 
Chicago,  Illinois 

Abstract.  -  Biis  paper  describes  a  series  of  experimental  tests  made  on  a 
radar  receiver  to  determine  the  response  of  the  RF  portion  of  the  radar  to 
signals  propagated  in  different  inodes  at  various  frequencies  which  corres¬ 
pond  to  spurious  resnoises  of  the  receiver.  Ihe  data  obtained  from  these 
measurements  provides  an  insight  into  signal  propagation  in  practical  radar 
S7stem8  utilizing  rectangular  waveguide  at  frequencies  removed  from  the 
design  frequency  band. 

The  test  procedure  used  in  the  measurement  of  mode  sensitivity 
is  described.  Ihe  modes  which  were  propagated  include  the  'Mitj  TEol 

TE20,  '®3o»  and  iE02*  Mode  exciters  and  converters  were  used  to  excite  the’ 
desired  mode. 

Ihe  date  obtained,  data  evaluation  and  comments  pertaining  to 
measurement  problems  are  also  presented.  Results  of  the  tests  Indicate 
that  the  spread  in  sensitivity  to  the  various  modes  decreases  as  the  frequency 
of  the  test  signal  is  increased.  The  mode  is  the  major  cause  of  the 

larger  spread  at  the  lower  frequencies. 

I,  introduction 

In  order  to  obtain  data  on  the  behavior  of  the  RF  system  of  a 
typical  radar  receiver  under  multi-mode  conditions,  a  series  of  tests  have 
been  set  up  to  measure  the  mode  sensitivity  of  a  radar  system.  These  measure¬ 
ments  have  been  designed  to  determine  at  various  points  in  the  RF  system 
the  conversion  of  energy  from  one  propagating  mode  to  other  modes.  Itte  data 
obtained  from  these  measurements  is  intended  to  provide  an  insight  into 
signal  propagation  In  a  practical  waveguide  system  at  frequencies  other 
than  the  design  frequency  band,  and  also  should  lead  to  a  measurement  tech¬ 
nique  for  receiver  sensitivity  under  multi -mode  conditions, 

rr.  TPST  1°R0CEDURE 

A  block  diagram  of  the  radar  receiver  which  was  tested  is  shown 
in  Figure  1.  As  shown,  the  antenna  consists  of  a  reflector  with  a  "pill 
box"  parabolic-cavity  feed  system,  TWo  90°  H-bends  and  a  twist  connect  the 
feed  to  a  rotary  Joint  which  is  of  coaxial-line  ccnstruction  rather  than 
rectangular  waveguide.  A  special  I-shaped  Junction  section  connects  the 
rotary  joint  to  the  receiving  channel  and  the  transmitting  channel.  A 
directional  coupler  is  also  included  as  an  integral  part  of  the  I-Junctlon. 

From  the  Y-section  the  receiving  channel  consists  of  a  TR.  tube, 
a  coaxial-cavity-type  tunable  {U"eselector,  a  matching  iris,  and  the  fre¬ 
quency  converter.  The  Iris  is  used  to  tune  out  susceptance  introduced 
into  the  waveguide  by  the  local  oscillator  coupling  loop. 

The  RF  system  of  the  radar  operates  over  a  band  of  frequencies 
from  3100  to  35O0  me.  All  stubs  and  joints  have  been  desired  for  minimum 
mismatch  over  this  bandwidth.  However,  the  introductlcHi  of  signals  Into 
the  system  at  frequencies  hipher  than  those  in  the  design  band  can  lead  to 
COTiversion  o''  energy  from  one  node  to  other  modes  due  to  severe  mismatch 
conditions.  The  stubs  and  cavities  in  the  system  are  fairly  narrow-band 
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de^rice  and  will  not  operate  eatisfactorily  outside  the  design  band. 

The  measureaents  which  were  performed  on  the  radar  receiver  consis¬ 
ted  of  exciting  selected  modes  at  selected  ftrequaicies  at  different  inout 
points  in  the  RF  system  of  the  radar.  At  each  test  point  the  mode  exciters 
and  mode  converters  were  connected  to  the  input  point  with  all  secceeding  RF 
sections  also  connected.  Thus,  at  test  point  3»  the  system  being  tested 
included  the  preselector,  the  matching  iris  and  the  frequency  converter,  Ely 
selectively  adding  RF  sections,  the  effects  of  the  added  sections  can  be  ob¬ 
tained  by  comparison  with  the  previous  results.  This  method  permitted  the 
use  of  the  IF  and  video  stages  of  the  receiver,  and  thus  an  MVs  test  condition 
could  be  used  as  a  standard  reference  conditian  throughout  the  test. 

At  each  of  selected  test  innut  points,  each  of  the  mode  exciters 
and  mode  converters  were  connected  to  the  radar  system.  Signal  power  at  the 
test  frequency  was  inserted  into  the  system  by  means  of  the  mode  exciter.  The 
input  power  required  to  obtain  a  minimum  visible  signal  was  then  determined. 

A  measurement  of  the  VSMR  in  the  line  connecting  the  mode  exciter  to  the  signal 
generator  pemitted  the  output  power  reading  on  the  sigial  generator  to  be 
carrected  for  mismatched  load  conditions, 

in,  MODE  EXCITERS  AND  CONVERTERS 

Six  readily  excited  modes  were  used  for  the  tests.  These  included 
the  TElO,  TEbl,  ®11,  ®20  ®30  modes  were  for  the 

rectangular  S-band  waveguide  used  in  the  radar  system.  The  first  three  modes, 
TE^q  and  were  excited  directly  by  the  proper  mode  exciters.  The 

T^* and  tie  TR^q  modes  were  obtained  by  exciting  the  TE^g  mode  and  converting 
it,'  using  properly-desiffied  mods  converters.  The  TEU^  mode  was  obtained  by  ex¬ 
citing  the  TE^j^  mode  and  converting  it.  Sketches  or  the  six  mode  exciters 
and  oonverters'^’are  shown  in  Figure  2. 

In  order  to  determine  the  propagation  of  each  mode  through  the  RF 
system  of  the  radar,  frequencies  above  the  cutoff  frequency  for  each  of  the 
six  modes,  and  frequencies  below  the  cutoff  frequency  for  each  of  the  modes 
except  the  TEio  ™odo  were  selected.  A  diagram  containing  the  cutoff  frequencies 
for  various  modes  propagating  in  S-band  rectangular  waveguide  is  shown  in 
Figure  3, 

IV.  DISCIBSICF  OF  TESTS 

Figure  U  contains  a  block  diagram  of  the  equipment  setup  for  the 
mode  meaevirements.  The  mode  exciter  was  driven  by  a  signal  generator  whose 
output  was  filtered  to  remove  harmanics.  An  adjustable  short  on  the  end  of 
the  mode  exciter  (for  TT^g  and  TEOl  modes,)  and  a  stub  tuner  were  used  to 
Jttatch  the  mode  exciter  to  the  signal  generator  and  maximize  the  signal,  A 
slotted  line  and  VS'.'/R  meter  were  inserted  in  the  line  to  measure  the  standing 
wave  ratio.  The  VSWR  reading  can  then  be  used  to  correct  the  output  reading, 
if  necessary,  of  the  signal  generator  due  to  mismatched  presented  by  the  mode 
exciter  as  a  load  on  the  generator. 

For  the  TIlo,  ^®tll  modes,  the  mode  exciter  was  connected 

to  each  selected  incut  point  by  means  of  an  adapter  section.  The  adapter  sec¬ 
tion  was  an  eighteen  inch  waveguide  section  which  causes  higher-order  modes, 
irtiich  BUiy  have  generated,  to  be  attenuated  before  reaching  the  frequency 
converter  section.  The  adapter  section  was  also  constructed  so  as  to  permit 
its  connection  to  the  different  flanges  used  at  the  various  innut  points. 
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For  tile  TE^q  and  TE^  modes  the  IEj^q  mode  exciter  was  connected 
to  the  iE2o  or  TE^  mode  conrerxer  and  than  to  the  adapter  section,  ^'or  the 
TEq2  mode,  the  mode  exciter  was  connected  to  the  ![Eq2  mode  converter  and 

then  to  the  adapter  section,  ihe  adapter  section  was  connected  to  the  desired 
input  point  on  the  radar  system. 

Bie  six  inodes  were  introduced  into  the  RF  system  of  the  radar  at 
three  different  input  planes: 

1.  90°  H-bend 

2.  T-R  tube 

3.  Crystal  Mixer 

These  three  input  planes  correspond  to  points  7,  U,  and  1  respectively,  of 
Figure  1. 

The  local  oscillator  and  preselector  of  the  radar  were  tuned  to 
a  receiver  frequency  of  321:0  me  and  the  preselector  tuning  was  disabled  so 
that  the  preselector  attenuation  curve  remained  constant  throughout  the  tests. 
The  radar  local  oscillator  was  used  for  tests  at  32UO  me.  External  signal 
sources  were  used  to  provide  local  oscillator  cower  at  the  other  test  fre¬ 
quencies  which  were: 

32l:0Mc  55UOMc 

UHtOMc  ei90Mc 

U896Mc  9971MC 

At  these  selected  frequencies  some  variation  in  crystal  current  was 
encountered,  TTiis  was  due  to  the  lack  of  sufficient  isolation  between  the  mode 
exciters  and  converters,  and  the  mixer  and  was  most  pronounced  at  input  plane 
1,  the  mixer.  It  was  found  that  movement  of  the  adjustable  short  to  match  the 
mode  exciters  to  the  signal  generator  caused  variations  in  the  crystal  current. 
The  local  oscillator  coupling  loop,  designed  to  function  as  a  directional  coup¬ 
ler  within  the  design  band,  did  not  perform  well  at  out-of-band  frequencies. 
Consequently,  some  power  was  radiated  towards  the  input  and  this  was  reflected 
by  the  short  back  towards  the  crystal.  Varying  the  short  nosition  varied  the 
relative  phase  between  the  local  oscillator  power  coupled  directly  to  the 
mixer  and  that  reflected  from  the  short.  This  caused  tarlations  in  the  crystal 
current  which  were  too  large  to  be  handled  by  means  of  an  attenuator  between 
the  signal  source  and  the  mixer  since  the  maximum  output  power  from  the  signal 
source  was  not  sufficiently  high  to  allow  for  the  added  attenuation. 

A  crystal  current  of  one  miniampere  was  set  as  the  standard  and 
all  data  taken  at  other  values  of  crystal  current  were  referred  to  this  stand¬ 
ard.  In  order  to  correct  all  data  to  this  reference  current  a  set  of  cali¬ 
bration  curves  was  obtained.  This  sot  is  plotted  in  Figure  5. 

The  basic  data  taken  was  the  sensitivity  of  the  radar  system  for 
each  of  the  six  modes  introduced  at  each  of  three  input  planes  at  each  the 
six  test  frequencies.  The  sensitivity  measurement  consisted  of  measuring  the 
nrijiimvim  visible  signal  (MVS).  This  was  obtained  by  introducing  a  pulse  signal 
of  the  same  width  as  that  used  in  the  radar.  The  level  of  the  signal  was 
then  reduced  until  it  was  Just  visible  in  the  noise. 

Each  measurement  was  repeated  three  times  and  the  average  value 
taken  as  the  test  datum.  Tests  showed  that  a  repeatability  of  one  decibel 
was  obtained.  That  is,  the  three  readings  for  one  test  ooint  did  not  differ 
by  more  than  one  decibel,  and  average  readings  when  repeated  after  several 
hours  agreed  to  within  cne  decibel. 


TEST  RESULTS  AND  ntSCDSSIOM 


Table  I  lists  the  sensitivity  readings  of  the  radar  for 
signals  of  each  of  the  six  modes  at  each  of  the  six  frequencies  introduced 
at  each  of  the  three  input  planes.  The  data  are  given  in  decibels  referred 
to  one  milliwatt. 

These  data  are  plotted  in  Figures  6,  7,  8  arjd  9«  Figures  6,  7 
and  8  contain  plots  of  mode  sensitivity  vs  frequency  for  inputs  at  the  90* 
H-bend,  the  T-R  tube,  and  the  eiystal  mixer,  respectively.  Figure  9  contains 
plots  of  sensitivity  for  the  TE^^g,  TI^^,  and  inodes  vs  frequency  at  each 
of  the  three  inputs. 

EMunination  of  the  data  in  Table  I  and  the  curves  plotted  from 
these  data  shows  thatt 

(a)  signals  introduced  at  the  90*  H-bend  (input  to  the  RF 
system)  are  attenwted  strongly  outside  of  the  design  band|  e.g.,  the  TS|^g 
mode  sensitivity  decreases  from  -97  dbm  to  -li7  dbm.  The  attenuation  appears 
to  reach  a  maximum  in  the  ^  to  8  kmc  region  and  then  decreases.  Thus  the 
TE,q  mode  asensitivily  reaches  a  minimum  of  -2?  dbm  and  then  rises  to  -li3  dbm 
at  9971  Me.* 

(b)  signals  introduced  at  the  T-R  tube  appear  to  suffer  attenu¬ 
ation  idiich  fluctuates  with  frequency.  Thus  the  TE^j^q  mode  has  a  sensitivity 
of  -97  dbm  at  32lt0  Me.  The  sensitivity  decreases  to  li896  Me,  increases  to 
8190  Me,  and  thai  decreases,  reaching  -55  dbm  at  9971Mc. 

(o)  ^20’  ®30  signals  introduced  directly  at  the 

mixer  suffer  generally  IncMased  attenuation  with  frequency;  e.g.,  the  T®j^q 
mode  sensitivity  decreases  from  -99  dbm  at  321*0  Me  to  -61*  dbm  at  9971  Me. 

TT^,  and  TEgg  suffer  decreased  attenuatiaa  from  32l*0  to  551*0  Me, 

and^then  Increasing  attenuation  with  increasing  frequency. 

Probably  the  moat  striking  point  obtained  from  these  figures  is 
that  for  signalsintroduced  at  each  one  of  the  input  planes  the  spread  in 
sensitivities  for  the  six  modes  tends  to  decrease  with  increasing  frequency. 

That  is,  the  difference  in  sensitivity  between  the  mode  with  the  highest 
sensitivity  and  that  with  the  lowest  sensitivity  becomes  less  as  the  frequency 
becomes  higjier.  Table  II  gives  the  differences  in  the  s  ensitivity  (in  decibels) 
between  the  TEj^g  and  higher  order  modes.  The  difference  (in  decibels)  between 
the  hipest  sensitivity  and  lowest  sensitivity  is  also  listed  as  the  spread. 

As  can  be  seen,  the  SOTead  at  each  of  the  input  planes  decreases  with 
increasing  frequency. 


These  statements  are  valid  only  fer  the  limited  data  obtained  in  the  testa. 
The  actual  plot  of  attenuation  vs  frequency  would  probably  be  a  very 
rapidly  fluctuating  curve.  For  examples  of  the  variation  of  attenuation 
with  frequency  of  typical  preselection  cavities  see  I,  Heingold, 
’’Characteristics  of  Microwave  Duplexer  Tubes  under  Spuriotis  Radiation 
Conditions,"  Fiftti  Conference  on  Radio  Interference  Reduction  and  Electronic 
CompatibiHly,  1959,  pp  578-600. 


except  far  the  spreads  at  P19O  Me  for  input  signals  at  the  90*  H-bend  and 
the  mixer. 
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For  signals  inserted  at  the  90*  H-bend  the  spread  decreases 
from  37  db  at  32UO  Me  to  7  db  at  9971  Me.  For  input  signals  at  the  T-R 
tube  the  spread  decreases  from  db  to  6  db.  For  input  signals  at  the 
ntbeed  the  spread  decreases  from  38  db  to  6  db. 

Also  of  Importance  is  the  relatively  shaip  decrease  in  the 
spread  as  the  sigial  frequency  is  increased  from  hlUO  Me  to  I1896  Me,  Bie 
change  is  from  hi  db  to  I8  db  at  the  90“  H-bend,  from  50  db  to  3  db  at 
ttie  T-R  tube  and  from  32  db  to  1^  db  at  the  mixer.  This  sharp  change  is 
due  to  the  effects  of  the  TM^  mode.  If  the  mode  is  excluded  so  that 
only  TE  modes  are  considered,  then  the  spreads  are 


32U0  Me  kUUO  Me 

90“  H-bend  27  (37)  I6  (U7) 

T-R  30  (U2)  11  (50) 

Mixer  27  (38)  lU  (32) 

The  quantities  in  parentheses  are  the  treads  if  the  TMi^  mode  Is  included. 

In  every  case  the  spread  is  decreased  by  excluding  the  mode. 

The  cutoff  frequency  for  the  mode  in  S-band  waveguide  is 
U.875  Me  so  that  at  32ljO  Me  and  at  I4IU0  Me  the  mode  is  cut  off  while 
at  U896  Me  and  higher  frequencies  the  mode  can  propagate  with  relatively 
low  losses.  Thus  in  the  radar  qystom  the  division  between  relatively  large 
and  small  spreads  appears  to  be  linked  to  the  cutoff  of  the  mode,  which 

is  the  TM  mode  of  lowest  order. 

Table  IH  contains  listings  for  each  mode  of  the  difference  in 
decibels  between  the  sensitivity  at  the  90*  H-bend  and  the  sensitivity  at 
the  T-R  tube,  and  between  the  sensitivity  at  the  90*  H>4>end  and  the  sensi¬ 
tivity  at  the  mixer  output. 

Signals  introduced  at  the  90*  H-bend  travel  through  the 
entire  RF  receiving  channel  to  the  mixer.  Signals  introduced  at  the  T-R 
tube  travel  throu^  the  T-R  tube,  preselectro,  matching  iris  and  frequency 
convertor  sections.  Signals  introduced  at  the  mixer  unit  bypass  all  the 
other  RF  sections  and  travel  cMrectly  to  the  local  oscillator  coupling 
loop  and  the  crystal  mixer.  These  two  sets  of  data  thus  give  a  measure  of 
the  attenuation  of  each  mode  caused  by  the  different  sections  of  the  RF 
system. 


The  data  presented  in  Thble  III  show  two  interesting  trends; 

1.  The  attenuation  of  the  RF  system  is  not  a  smooth  function 
of  frequency  but  fluctuates  with  the  frequency.  As  an  example,  consider  the 
data  In  the  first  row  of  Thble  III.  These  listings  give  the  difference  (in 
decibels)  between  the  sensitivity  for  TB^q  signals  Introduced  at  the  90* 
H-bend  and  for  TEj^g  signals  introduced  at  the  input  to  the  T-R  tube.  As 
shown,  there  is  no  difference  in  sensitivity,  and  hence  in  attenuation,  at 
32I1O  Mo  between  the  90*  H-bend  and  the  T-R  tube.  At  IjlhO  Me  the  sensitivity 
at  the  TR  tube  is  12  db  greater  th«in  at  the  90*  H-bend;  at  U896  Me  it  is 

3  db  greater;  at  55liO  Me,  27  db  greater;  at  8I90  Me,  hi  db  greater;  and  at 
9901  Me  it  is  12  db  greater. 

2,  There  are  three  cases  where  the  sensitivity  is  higher  for 
signals  introduced  at  the  90*  H-bend  •Uiaui  for  signals  at  the  T-R  tube 
despite  the  larger  path  length,  and  the  added  attenuation  (due  to  the  rotary 
Joint)  of  the  90*  H-bend  input.  These  cases  are  at  32ljO  Me  for  the 

TEgj  and  TKq  modes. 
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The  Increased  sensitivity  despite  the  added  path  lengih  and 
attenuation  due  to  'Qie  rotary  Joint  is  pxx^ably  dne  to  conversion  of  part 
of  the  hi^er-order  node  to  the  lEj^Q^node.  At  32l»0  Me  all  hl^er-order 
nodes  are  ent  off  so  that  only  the'‘'!iE^g  node  can  propagate  as  a  wave, 
ihe  matching  posts  and  rotary  Joint  in  the  navegnlde  are  designed  for 
operation  in  the  band  of  3100  to  3^00  Me.  For  signals  at  frequencies 
s'vitside  this  desLgi  band  these  mits  beccne  obstiuctions  and  discontlnnlties 
in  the  waveguide}  and  part  of  the  oiergy  in  the  highsr>order  nodes  can  be 
converted  to  energy  in  the  mode.  This  results  in  a  hi^er  sensitivity 
reading. 

Figures  10  and  11  contain  plots  of  the  attenuation  versus 
frequaicy  of  the  sir  nodes: 


TEio 

^0 

’^l 


below  their  cutoff  frequencies,  and  above  their  cutoff  frequencies, 
respectively.  Figure  10  contains  the  attenuation  for  each  mode  due  to  the 
signal  frequency  being  below  the  cutoff  frequency  and  idtere  losses  are 
neglected.  Figure  11  ccxitains  the  attenuation  for  each  mode  for  frequencies 
above  cutoff  but  including  wall  losses  due  to  copper  walls* 

As  can  be  seen,  the  attenuation  is  high  for  frequencies  b^cw 
the  cutoff  frequmey  and  low  for  frequencies  above  the  cutoff  frequency. 

At  321:0  Me  all  hi^er-order  nodes  are  out  off  and  only  the  iSqQ  node 
propagates.  Thus  conversion  of  energy  in  the  hi^er-order  nodes  to  the 
dominant  1E,q  node  can  result  in  a  higher  sensitivity, 

■^^Table  IV  contains  listings  of  the  difference  In  decibels 
between  the  sensitivity  at  321:0  Me  and  the  sensitivity  at  the  other  test 
frequencies  for  each  of  the  Input  planes  and  each  of  the  modes.  These 
data  are  a  neasure  of  the  eeleotivlty  of  sections  of  the  radar’s  HP  system 
using  321:0  Me  as  a  reference, 

A  final  test  was  performed  in  which  the  radar's  own  local 
oscillator  was  used  for  all  mode  tests.  Ibis  test  consisted  of  measiulng 
selected  spurious  responses  of  the  radar  tuned  to  approximately  321:0  Me, 
using  the  six  different  modes  at  the  input  to  the  90*  H-bend,  ihe  results 
of  these  testa  are  shown  in  Table  V.  The  sane  general  trends  noted  in  data 
obtained  using  a  substitute  l.o.  signal  are  encountered  when  the  actual 
spurious  responses  are  being  measured. 


VI.  CONCLDSICTfS 

The  follcwlng  conclusions  can  be  drawn  fi-om  the  results 
obtained  on  the  tests  to  determine  mode  sensitivity  of  the  radar  system: 

1.  For  signals  introduced  at  each  of  the  three  input  planes 
the  spread  in  sensitivities  for  each  of  the  six  modes  used  in  iiie  tests 
in  general  decreases  with  increasing  frequency.  As  an  exan?5le,  as  shown 
in  Thble  II,  for  input  signals  at  the  90*  H-bend,  the  spread  narrows  from 
37  db  at  32lio  Me  to  7  db  at  9971  He. 
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2.  Ihe  narrowing  of  the  spread  of  sens! tlvl ties  with  Increasing 
frequency  indicates  that  the  measured  ssnsitivi'ty  of  the  radar  can  be 
obtained  without  concern  for  the  mode  distrlbuticn  set  up  in  the  waveguide 
system  if 

(a)  liie  frequency  is  sufficiently  hi^  that  several 
modes  can  be  propagated|  i.e.,  not  cut  off, 

(b)  an  excitation  mode  is  used  which  is  not  cut  off, 

(c)  some  uncertainly  in  the  results  is  accented;  for 
the  radar  tested  this  uncertainty  appears  to  be 
within  7  db  at  9971  Me. 

3*  ^9  signals  at  32UO  He  have  a  higher 

sensitivity  when  Introduced  at  the  H*4)end  input  than  at  the  T-R  tube, 
despite  the  longer  path  length  and  greater  selectivity  of  the  former 
input.  This  effect  is  believed  to  be  due  to  conversion  of  the  ^1 

and  TEq2  wodes,  all  of  which  are  cut  off  at  32UO  Me,  to  the  TE^g  mMe 
which  can  pr<»agata  at  this  frequency. 

u.  Nb  sharp  increase  in  the  sensitivity  of  any  of  the  modes 
studied  was  observed  as  the  frequency  of  the  mods  was  increased.  A  sharp 
increase  in  sensitivity  would  be  expected  ou  the  basis  of  the  curves  of 
Figures  10  and  11  as  the  sigial  frequency  was  Increased  from  below  cutoff 
to  above  cutoff  for  each  mode.  However,  these  curves  are  appreodmations 
and  do  not  include  the  effects  of  losses  in  the  waveguide  for  frequencies 
below  cutoff.  Inclusion  of  these  losses  changes  the  shape  of  the  attenu* 
ation-versus-frequency  curve,  smoothing  it  out  so  that  the  attenuation 
changes  more  gradually  with  frequency  and  no  sharp  variations  are  cbtained. 

5.  ihe  IHj.  mode  shows  a  variation  in  sensitivity  of  59  db 
between  32liO  Me  and  UlltOnc  for  input  at  the  H-bend.  Examlnatd.cn  of  the  data 
in  Table  I  indicates  that  much  of  this  large  attenuation  is  being  caused  by 
the  preselector. 

6.  Attenuation  of  the  various  modes  is  caused  not  only  by  the 
preselector  but  also  by  the  rotary  joint.  The  latter  unit  is  of  coaxial- 
line  construction  and  hence  its  use  in  the  waveguide  system  requires  transi¬ 
tional  sections  and  matching  units.  These  are  designed  for  operation  in  the 
3100  to  3500  Me  frequency  band.  At  frequencies  outside  this  design  band 
severe  mismatch  conditions  can  result,  leading  to  both  attenuation  and  mode 
conversion. 

7.  Ihe  attenuation  of  the  rf  system  does  not  Increase  mono- 
tonically  with  frequency.  As  shown  in  Table  I,  the  measured  sensitivity 
fluctuates  considerably  with  frequency.  This  is  of  importance  since  it 
implies  that  a  selectivity  curve  for  the  RF  system  cannot  be  specified 
accurately  without  taking  data  at  frequency  intervals  small  compared  to  the 
fluctuations  of  the  selectivity  curve.  The  selectivity  curve  is  also  a 
sensitive  function  of  the  preselector  cavity  tuning,  a  fact  which  means  that 
a  different  selectivity  curve  must  be  obtained  for  each  setting  of  the 
preselector. 
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FIG.  I  RF  SECTION 


516  - 


SKETCHES  OF  MODE  EXCITERS  AND  CONVERTERS 


CUTOFF  FREQUENCIES  FOR  MODES  PROPAGATING  IN  S-BAND  RECTANGULAR 


LOCAL  OSCILLATOR 
FREQUENCY 


SENSITIVITY,  dbm 


FIG  8  MODE  SENSITIVITY  VERSUS  FREQUENCY  FOR  INPUT 
AT  CRYSTAL  MIXER 


5^3 


SENSITIVITY,  dbm 


FIG  9  MODE  SENSITIVITY  VERSUS  FREQUENCY  FOR  TE,q,  TM,,  AND  TEq,  MODES 
AT  INPUTS  ©,  0  AND  @ 
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FIG  10  ATTENUATION  OF  MODES  BELOW  THEIR  CUTOFF  FREQUENCIES 


0.24 
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FIG.  11  ATTENUATION  OF  MODES  ABOVE  THEIR  CUTOFF  FREQUENCIES 


Tfcble  I 


Radar  Sansitivllgr*  vs  Frequency  for  Six  Nodes  and 
Three  Signal  Input  Planes 


Input 

Mode  Exciter 

Frequency  -  Me 

Plane 

and  Conrerter 

32U0 

aiito 

J»896 

55UO 

8190 

9971 

IS, 

-97 

"1*7 

-lil 

-25 

-27 

4(3 

-9lt 

4»8 

-U2 

-33 

-31 

-38 

H-Bend 

-70 

-32 

-39 

-27 

-27 

•43 

-60 

-  1 

-2U 

-29 

-22 

•45 

’^l+™02 

-9U 

-1;7 

-ItO 

-25 

-33 

■45 

-70 

-36 

-33 

-23 

-n 

-39 

h 

IE, 

-97 

-59 

•Jili 

-52 

-68 

-55 

T-R 

-9li 

-65 

-U9 

-5l 

-67 

-56 

Ttibe 

-69 

-55 

•Jil 

•45 

-7U 

-5U 

-55 

-13 

-U9 

•41 

-69 

-58 

®01+®02 

-95 

-6i 

•47 

-5U 

-68 

-5U 

-67 

-5U 

-U3 

•40 

-7U 

-52 

Mixer  '<o..’®20 

-99 

-96 

-95 

-88 

-69 

-61t 

-95 

-88 

-82 

-8h 

-6U 

-63 

-72 

-82 

-87 

-90 

-67 

-6h 

-61 

-6ii 

-77 

-86 

-7U 

-66 

So+^30 

™01-*-™02 

-95 

-90 

-8U 

-89 

-60 

-60 

-76 

-81i 

-93 

-82 

-69 

-66 

•nSensitiritleB  are  listed  in  decibels  referred  to  one  milliwatt  (dkm) 


TABLE  n 


Difference  in  Sensitivity  in  db  Between  TE^q  and  Higher-Order  Modes 


Input 

Plane 

Mode  Exciter 
and  Converter 

3240 

Frequency 
4140  4896 

-  Me 
5540 

8190 

9971 

-3 

+  1  +1 

+8 

+  4 

-5 

TEqi 

-27 

+  15  -2 

+  2 

0 

0 

7 

TMii 

-37 

-46  -17 

+4 

-5 

+2 

90° 

™10+'^^30 

-3 

0  -1 

0 

+6 

+2 

H-Bend 

-27 

-11  -8 

-2 

+  4 

-4 

Spread 

37 

47  18 

10 

11 

7 

TE10+TE20 

-3 

+  6 

+5 

-1 

-1 

+  1 

-28 

-4 

-3 

-7 

+  6 

-1 

4 

™11 

-42 

-46 

+5 

-11 

+  1 

+  3 

T-R 

'^®10''‘'^^30 

-2 

+2 

+  3 

+  2 

0 

-1 

Tube 

TE01  +  TE02 

1 

0 

-5 

-1 

-12 

+  6 

-3 

Spread 

42 

50 

8 

14 

7 

6 

-4 

-8 

-13 

-4 

-5 

-1 

TEoi 

-27 

-14 

-8 

+  2 

-2 

0 

1 

-38 

-32 

-18 

-2 

+  5 

+  2 

Mixer 

TE10+TE30 

-4 

-6 

-1! 

+  1 

-9 

-4 

TE01  +  TE02 

-23 

-12 

-2 

-6 

0 

+  1 

Spread 

38 

32 

18 

8 

14 

6 

S28 


TABLE  III 


o  ^ 

Difference  in  db  Between  Sensitivity  at  90  H-Bend  (Input  Plane  7)  and 
Sensitivity  at  T-R  Tube  (Input  Plane  4  ),  and  Mixer  (Input  Plane  1  ) 


Mode  Exciter 

Input 

and  Converter 

Plane 

3240 

™10 

4 

1 

0 

+2 

'^^10+'^^20 

4 

0 

1 

+  1 

T^Ol 

4 

1 

-1 

+2 

TMii 

4 

-5 

1 

+  1 

™i0+TE3o 

4 

+  1 
+  1 

TEqi  +  TEoz 

4 

1 

-3 

+6 

Frequency  -  Me 


4140 

4896 

5540 

8190 

9971 

+  12 

+  3 

+  27 

+  41 

+  12 

+  49 

+54 

+63 

+  42 

+21 

+  17 

+  7 

+  18 

+  36 

+  18 

+  40 

+  40 

+  51 

+  33 

+  25 

+  23 

+  2 

+  18 

+47 

+  11 

+  50 

+48 

+  63 

+40 

+21 

+  12 

+  25 

+  12 

+  47 

+  13 

+63 

+  53 

+  57 

+  52 

+21 

+  14 

+  7 

+  29 

+  35 

+  9 

+  43 

+  44 

+  64 

+27 

+  15 

+  18 

+  10 

+  17 

+  43 

+  13 

+  48 

+  60 

+  59 

+  38 

+26 

Average  for 

4 

=  1 

+  16 

+  9 

+  20 

+  42 

+  13 

All  6  Modes 

1 

+2 

+  49 

+  50 

+  60 

+  39 

+  22 

Maximum 

4 

4 

9 

16 

9 

7 

5 

deviation 
from  Average 

1 

4 

14 

10 

9 

13 

7 

^  o 

90  H  Bend  used  as  a  reference 


l^ble  IV 


Difference  in  db  Between  Sensitivity  at  32UO  dbc  and 
Sensitivity  at  Other  Ibst  Frequencies 


Input 

Mode  Exciter 

Frequency  -  Me 

Plane 

and  Converter 

UiUo 

1896 

55ao 

8190 

9971 

90^ 

IE, 

-50 

-56 

-72 

-70 

-5a 

5S.”20 

4i6 

-52 

-6l 

-63 

-56 

H-Eend 

-38 

-31 

-a3 

-a3 

-27 

-59 

-36 

-31 

-38 

-15 

01+  02 

-li7 

-3a 

-5a 

-37 

-69 

-a7 

-61 

-39 

-h9 

-31 

it 

'®^i 

®01+™02 

-38 

-53 

-a5 

-29 

-a2 

T-R 

-29 

-a5 

-h3 

-27 

-38 

Tube 

-lit 

-28 

-2a 

♦  5 

-15 

-h2 

-  6 

-la 

-la 

+  3 

-3U 

-13 

-a? 

-2a 

-ai 

-27 

-27 

V  7 

-ai 

-15 

1 

Mixer 

"“lo 

^0+^20 

-  3 

-  7 

-  a 

-13 

-11 

-n 

-30 

-31 

-35 

-32 

+10 

♦15 

+18 

-  5 

-  8 

^1 

TFi;!;  TE„ 

Ku'^O! 

+  3 

+l6 

+25 

+13 

+  5 

-  5 

-11 

-  6 

-35 

-35 

+  8 

+17 

+  6 

-  7 

-11 

A  SURVEY  OF  FM  RECEIVER  TECHNIQUES  FOR  REDUCING 


COCHANNEL  AND  ADJACENT-CHANNEL  INTERFERENCE 


Elie  J.  Baghdady.  Harold  G.  FritZi  Ahraad  F.  Ghais.  and 
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ADCOM>  Inc. 

Cambridge.  Mass. 

ABSTRACT 

The  characteristics  of  CW-type  and  impulsive  disturbances 
in  FM  are  briefly  described  in  order  to  bring  out  their  differences 
from  message  modulation.  Fundamental  aspects  of  receiver  design 
to  ensure  proper  functional  performance  in  various  parts  of  the  re¬ 
ceiver  are  then  pointed  out.  This  is  followed  by  a  survey  of  various 
receiver  signal-processing  operations  that  lead  to  important  re¬ 
ductions  and  often  virtual  elimination  of  the  interference  or  its 
consequent  disturbances. 

Among  the  techniques  described  are  those  for  enabling  a  de¬ 
sired  signal  to  be  received  in  the  presence  of  other  undesired  signals 
that  may  be  stronger  or  weaker  than  the  desired  signal  --  including 
feedforward  and  feedback  around  the  limiter,  dynamic  and  static 
trapping,  phase-locked  loops  and  frequency  compressive  feedback. 
Practical  design  considerations  are  pointed  out  in  every  case. 
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CAPTURE  EFFECTS  OF  DIODE  ENVELOPE  DETECTORS 
--  A  DETERMINANT  OF  RECEIVER  SELECTIVITY 


J.  E.  Bridges 

Armour  Research  Foundation 
Chicago.  Illinois 

Abstract.  -  The  diode -envelope  detector  plays  a  significant  role  in  determin¬ 
ing  the  true  selectivity  characteristics  of  a  receiver.  A  review  of  the  basic 
equations  relating  to  envelope  detection  shows  that  the  carrier  to  interference 
ratio  is  a  significant  parameter  in  the  determination  of  adjacent  channel 
interference  effects.  It  is  shown  that  when  the  carrier -to-interference  ratio 
is  large,  additional  selectivity  is  obtained  by  the  capture  effect.  Under 
impulse-noise  or  other  interference  conditions,  where  the  carrier-to- 
interference  ratio  is  less  than  one,  the  diode  detector  process  is  captured 
by  the  noise  or  interference  and  the  desired  signal  is  significantly  degraded, 
well  beyond  the  effects  indicated  by  the  usual  RF  and  IF  selectivity  response. 

A  method  of  recapturing  the  weaker  of  two  adjacent  channel 
signals  impressed  on  a  diode  detector  without  greatly  modifying  the  IF 
response  will  be  briefly  discussed.  In  this  case,  the  "Q"  of  one  of  the  L-C 
circuits  of  the  IF  amplifier  is  increased  so  as  to  enhance  the  desired  carrier 
amplitude.  Appropriate  post-detection  filtering  is  designed  to  restore  the 
desired  waveshape  and  to  give  added  effective  selectivity. 

I.  INTRODUCTION 

The  second  detector  is  often  regarded  as  just  another  circuit 
element,  --  not  much  different  than  other  components  found  in  any  com¬ 
munications  or  radar  receiver.  It  is,  perhaps,  regarded  as  slightly  more 
complex  than  resistors  or  condensers,  but  far  simpler  than  any  of  the  other 
components.  This  may  be  true,  but  the  same  cannot  be  said  about  the 
operation  and  performance  of  the  diode  detection  process. 

Many  college  texts  present  only  a  cursory  treatment  of  the 
detection  process  --in  spite  of  its  important  influence  on  the  operation  of 
communication  receivers  and,  other  certain  conditions,  radar  receivers.  j  , 
A  number  of  excellent  papers,  however,  have  been  published  on  this  subject. 

To  thoroughly  understand  the  basic,  operation  of  a  second  detector 
we  must  ask  ourselves  this  question,  just  what  does  the  second  detector  do? 
All  it  does,  if  properly  designed,  is  to  follow  the  envelope  of  the  IF  signals 
impressed  upon  it.  So  the  clue  to  undei  standing  the  diode  detection  process 
lies  not  within  the  thermionic  or  crystal  diode  in  itself,  but  in  the  peculiar  way 
in  which  the  various  signals  presented  to  the  detector  combine  to  form  an 
envelope.  I  should  emphasize  that  I  am-  referring  to  the  so-called  linear  diode 
detectors. 

To  see  how  the  various  signals  combine  to  form  an  envelope 
consider  the  following  simple  example,  which  many  of  you  are  familiar  with. 
Assume  two  sinusoidal  waveforms  which  have  very  nearly  the  same  frequency. 
These  waveforms  are  described  in  Equation  1.  1  which  shows  the  sum  of  these 
two  frequencies. 

e(i]^  ac.osul  ^  bcosrt  h.d 
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If  Equation  (L  1)  is  suitably  manipulated.  Equation  (1.  2)  can  be 
derived.  This  shows  an  envelope  function  which  amplitude  modulates  a  phase 
modulated  carrier.  It  is  this  envelope  function  in  which  we  are  most  inter¬ 
ested. 

Figure  1.  1  illustrates  this  a  little  bit  more  vividly.  Figure  1.  1(a) 
illustrates  the  type  of  envelope  encountered  when  both  signals  are  of  the  same 
amplitude.  We  note  that  we  have  a  distorted  sine -wave  type  modulation  and 
also  a  rather  pronounced  phase  modulation  at  the  time  when  the  envelope  is 
very  nearly  zero.  This  phase  modulation  is  of  importance  in  FM  receivers, 
but  is  of  little  concern  in  the  diode  envelope  detection  process.  Figure  1.  1(b) 
illustrates  the  case  where  one  of  the  amplitudes  is  approximately  twice  the 
other  amplitude.  We  note  that  the  envelope  is  approaching  an  undistorted 
sine  wave  and  that  the  envelope  looks  very  similar  to  usual  AM  modulated 
envelope.  Figure  1.  1(c)  illustrates  the  case  where  one  signal  is  considerably 
larger  than  the  other;  and,  in  this  case,  the  envelope  is  very  similar  to  the 
envelope  of  an  amplitude  modulated  sine -wave  carrier. 

Now  assume  a  more  complex  example;  that  of  the  envelope  devel¬ 
oped  by  two  amplitude  modulated  carriers,  where  u  is  the  angular  frequency 
for  the  desired  carrier,  and  v  and  w  are  the  angular  frequencies  of  its 
sidebands,  where  x  is  the  angular  frequency  of  the  undesired  carrier,  and 
y  and  z  are  the  angular  frequencies  of  the  undesired  carrier's  sideband; 
also,  where  a  is  the  amplitude  of  the  desired  carrier,  and  b  and  c  are 
the  amplitudes  of  the  desired  carrier  sidebands,  where  d  is  the  amplitude 
of  the  interfering  carrier  and  e  and  g  are  the  amplitudes  of  the  interfering 
carrier's  two  sidebands.  These  are  graphically  illustrated  in  Figure  1.  2. 

In  addition,  we  must  also  assume  that  the  difference  between  the  two  carrier 
frequencies  is  small  compared  to  the  average  frequency  of  the  two  carriers. 
Equation  1.  3  defines  the  instantaneous  waveform. 
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As  has  been  derived  previously,^  the  envelope  function  of  Eq.  1.  3  can  be 
expressed  as  follows  by  Eq.  1. 4. 
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To  simplify  Equation  1.  4  so  as  to  permit  a  fairly  simple  explanation,  assume 
each  carrier  to  be  modulated  30%  or  less  and  that  the  desired  carrier  to  the 
interfering  carrier  has  a  ratio  of  two  or  more.  Equation  1.  4  then  reduces 
to  the  following  for  an  error  of  approximately  10%  or  less  in  the  signal-plus- 
noise  to  noise  amplitude  ratio. 
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Defining  predetection  carrier  to  interference  ratio  as,  s  =  a/d  and  noting 
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that  b  =  -T  m  a  where  "m  "  is  the 
Z  a  a 


modulation  of  the  desired  carrier 
Equation  1.  5  reduces  to  that  indicated  in  Equation  1.  6. 


ey>vel(3pe=  f  a  +  d/^  4 

where  is  the  desired  moduation  and  la.  the  interfering  modulation  and 
m.  %  modulation  of  interfering  carrier. 

Equation  1.  6  is  now  in  a  form  that  can  be  expanded  by  the  binomial  theorem 
which  then  gives  us  the  approximate  detector  output  as  indicated  by  Equation 

1.7. 
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Equation  1.  7  illustrates  the  basic  capture  effect.  Note  that  for 
every  db  reduction  of  the  interfering  carrier,  the  modulation  of  the  inter¬ 
fering  carrier  is  reduced  at  twice  that  rate.  If  the  interfering  carrier  is 
reduced  in  amplitude  by  1  db,  its  modulation  will  be  reduced  by  2  db.  This 
effect  is  often  known  as  modulation  suppressionJO  xt  should  be  emphasized 
that  this  capture  effect  applies  only  to  the  modulation  of  the  interfering 
carrier.  We  note  also  the  4th  term  in  Equation  1.  7  exists  and  this  is  the 
beat  note  between  the  desired  carrier  and  the  interfering  carrier.  The 
amplitude  of  this  beat  note  is  directly  profiortior.al  to  the  amplitude  of  the 
interfering  carrier.  If  the  frequency  difference  between  the  interfering 
carrier  and  the  desired  carrier  lies  in  the  audio  or  video  bandwidth  follow¬ 
ing  the  detector,  no  capture  effect  exists  for  this  beat  note.  If,  however, 
the  difference  between  the  interfering  and  desired  carrier  frequencies  is 
outside  the  audio  or  video  bandwidths,  then  this  term  can  be  neglected  pro¬ 
vided  that  it  does  not  desensitize  the  video  or  audio  sections  of  the  receiver. 

The  modulation  suppression  effect  may  perhaps  be  intuitively 
explained  in  a  different  manner.  The  diode  detector  may  be  considered  as 
a  sort  of  mixer  or  converter  stage.  Perhaps  it  can  be  imagined  to  be  some¬ 
thing  like  a  switch.  This  switch  is  opened  and  closed  at  some  frequency. 

If  one  sinusoidal  signal  is  considerably  larger  than  another  sinusoidal 
signal,  this  switch  is  opened  and  closed  at  the  rate  determined  by  the  larger 
signal  frequency.  In  this  case,  the  information  contained  in  the  frequency 
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and  phase  relationships  of  the  larger  carrier  and  its  sidebands  is  preserved, 
since  all  that  has  been  done  is  to  simply  transfer  the  signals  at  IF  frequency 
to  dc,  so  that  the  carrier  is  at  0  frequency.  But  in  the  case  of  the  weaker 
signal  and  its  sidebands,  the  informational  relationships  contained  between 
its  sidebands  is  now  virtually  destroyed.  These  weaker  signals  exist  as  beats 
only  between  the  larger  carrier.  Thus  the  modulation  of  the  weaker  carrier 
is  suppressed  by  the  capture  effect,  and  the  amplitude  of  the  weaker  signal's 
modulation  is  a  function  of  the  ratio  of  a  larger  carrier  to  the  smaller  carrier. 

It  is  also  necessary  to  discriminate  between  two  types  of  inter¬ 
fering  conditions,  that  of  co-channel  interference  and  adjacent  channel 
interference.  In  the  case  of  co-channel  interference  where  two  carriers 
occupy  the  same  channel,  the  modulation  suppression  effect  does  exist  but 
is  considerably  masked  because  the  audio  or  video  bandwidth  will  pass  the 
beat  note  between  the  desired  carrier  and  the  interfering  carrier.  In  the 
case  of  adjacent  channel  interference,  the  beat  note  between  the  two  carriers 
is  suppressed  by  the  filtering  action  of  the  video  or  audio  circuits,  but  the 
modulation  of  the  interfering  carrier  remains.  Under  these  circunrstances 
the  modulaltion  suppression  effect  is  of  importance  and  as  will  be  developed 
in  a  later  section  can  be  shown  to  effectively  increase  the  selectivity  of  a 
communications  type  receiver. 

II.  AN  EXAMPLE  OF  THE  IMPORTANCE  OF  THE  CAPTURE  EFFECT 

The  following  example  will  illustrate  the  importance  of  the  capture 
effect.  Consider  the  situation  indicated  in  Figure  2.  1.  Illustrated  is  a  typi¬ 
cal  field  interference  condition.  Perhaps  the  object  of  this  configuration  is 
to  predict  the  interference  effects.  There  is  a  desired  transmitter  and  an 
interfering  transmitter  of  which  both  signals  are  received  by  the  front  end  of 
a  communications  receiver.  These  are  subsequently  amplified  by  the  IF 
amplifier  and  are  rectified  by  the  linear-envelope  diode  detector.  The  output 
of  the  diode  detector  then  passes  through  an  audio  amplifier  and  thence  to  a 
loud  speaker.  At  the  output  of  the  loud  speaker  or  the  terminals  of  the  loud 
speaker  we  have  a  distortion  analyzer  or  some  other  type  of  root-mean- square 
amplitude  indication.  Figure  2.  2(a)  illustrates  the  IF  response  of  this  type  of 
receiver  and  Figure  2.  2(b)  illustrates  the  acoustical  output  as  a  function  of 
the  modulating  frequency. 

Now  suppose  that  frequency  of  the  interfering  transmitter  can  be 
varied  at  constant  radiated  power  output.  In  addition,  let  assume  that  the 
desired  transmitter  may  have  a  400  cycle  modulation  and  that  the  interfering 
transmitter  would  have  perhaps  a  1000  cycle  modulation.  At  the  start  of  the 
test  the  frequency  of  the  interfering  transmitter  is  adjusted  to  that  of  the 
desired  transmitter,  thus  giving  a  co-channel  inte;rference  situation.  The 
ratio  of  the  carrier  of  the  desired  transmitter  to  the  undesired  carrier  is 
made  equal  to  two.  By  means  of  a  distortion  analyzer,  signal  plus  noise-to- 
noise  ratio  can  be  determined.  In  this  case  the  signal  is  the  400  cycle  note. 

The  automatic  gain  control  of  the  receiver  is  disabled  and  fixed  by  means  of 
a  battery.  Then  the  fren>iency  of  the  interfering  transmitter  is  varied  at 
constant  output  and  the  signal-plus-noise  to  noise  ratio  is  noted  as  well  as 
the  components  of  the  various  frequencies  at  the  second  detector  and  at  the 
acoustical  output. 

The  approximate  theoretical  results  of  such  a  procedure  by  the 
use  of  Equation  1.  7  is  indicated  in  Figure  2.  3.  Curve  A  is  the  usual 
amplitude  response  of  the  intermediate  frequency  amplifier.  Curve  B 
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represents  the  desired  modulation  as  a  function  of  the  difference  frequency 
between  the  desired  and  undesired  carriers.  Curve  C  is  the  amplitude  of 
the  carrier-to-carrier  beat  note  at  the  second  detector.  Curve  D  is 
representative  of  the  amplitude  of  the  interfering  modulation  if  the  capture 
effect  is  not  taken  into  account.  Curve  E  is  representative  of  the  inter¬ 
fering  carriers  modulation  when  the  capture  effect  is  taken  into  account. 
Curve  F  shows  the  actual  output  from  the  loud  speaker  of  the  carrier-to- 
carrier  beat  note.  In  Figure  2.  3,  the  heavy  lines  are  representative  of 
actual  outputs  whereas  the  dotted  lines  are  present  only  for  purposes  of 
illustration  and  comparison. 

We  note  that  the  carrier-to-carrier  beat  note  is  relatively 
uneffected  by  the  capture  effect  and  exists  in  full  magnitude  until  the  carrier 
difference  (f.  -  f  )  is  greater  than  the  audio  bandwidth.  The  interfering 
carriers  moaulation,  however,  within  the  audio  bandwidth  is  suppressed  by 
a  approximately  6  db.  Where  the  IF  amplifier's  response  begins  to  severely 

attenuate  the  interfering  carriers  amplitude  and  where  the  carrier-to-carrier 
beat  note  is  reduced  by  the  audio  circuits  the  capture  effect  becomes  more 
important  and  the  undesired  carrier's  modulation  falls  off  at  a  much  greater 
rate  than  that  indicated  by  the  usual  IF  selectivity  response. 

Another  example  may  more  clearly  illustrate  the  capture  effects 
i  a  8  follows  ! 

Assume  that  the  interfering  carrier  for  the  co-channel  inter¬ 
ference  condition  is  twice  as  large  as  the  desired  carrier.  With  these  ampli¬ 
tude  conditions,  the  frequency  of  the  interfering  carrier  at  constant  output 
is  slowly  varied  to  the  adjacent  channel  conditions.  Figure  2.  4  illustrates 
this  condition.  As  before.  Curve  A  represents  the  usual  amplitude  response 
to  the  IF  amplifier.  Curve  B  represents  the  amplitude  of  the  400  cycle 
desired  modulation.  Curve  C  represents  the  carrier-to-carrier  beat  note 
at  the  detector.  Curve  E  represents  the  actual  acoustical  output  of  the 
undesired  1000  cycle  modulation  and  Curve  F  represents  the  carrier-to- 
carrier  acoustical  output.  In  this  case  we  note  that  Curve  B,  the  desired 
modulation  is  suppressed  about  6  db  for  the  co-channel  interference  case  by 
the  capture  effect.  As  the  frequency  of  the  interfering  carrier  is  varied  to 
the  adjacent  channel  conditions,  the  carrier-to-interference  ratio  gradually 
approaches  two  or  more,  in  which  case  the  diode  is  recaptured  by  the  desired 
carrier.  During  the  time  that  the  diode  detector  is  captured  by  the  undesired 
carrier,  the  modulation  of  the  interfering  carrier  follows  that  of  the  IF 
response.  However,  when  the  desired  carrier  captures  the  diode  detector, 
the  interfering  carrier's  modulation  again  falls  off  at  a  much  greater  rate 
than  that  indicated  by  the  usual  IF  amplitude  response. 

In  short,  by  a  very  simple  example,  several  of  the  basic  factors 
which  effect  the  p>erformance  of  the  diode  envelope  detector  have  been  shown. 
The  most  imp>ortant  factor  is  of  course  the  carrier-to-interference  ratio. 

A  second  important  factor  of  interest  is  the  response  of  the  IF  amplifiers 
prior  to  the  detector  and  the  response  of  the  video  or  audio  amplifiers  sub¬ 
sequent  to  the  detector.  Other  important  factors  are  obvious,  such  as  the 
location  of  the  desired  carrier  within  the  IF  response  and  the  location  of  the 
undesired  carrier  within  the  IF  response.  Also  not  taken  into  account  but 
important  was  the  frequency  of  the  modulating  signals  and  the  degree  of 
modulation. 

The  effect  of  impulse  noise  on  the  diode  detector  is  very  similar 
to  that  of  a  continuous  wav'e  carrier  which  is  larger  than  the  desired  signal. 
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If  the  amplitude  of  the  impulse  noise  ringing  components  in  the  IF  becomes 
larger  than  the  amplitude  of  the  desired  carrieri  the  diode  detector  is 
captured  by  the  impulse  noise.  Under  these  conditions,  the  frequency  and 
phase  relationships  between  the  desired  carrier  and  its  modulation  are 
suppressed.  This  may  be  important  in  various  A-M  multiplex  systems. 

It  is  also  worthwhile  to  mention  that  this  is  another  reason  for  suppressing 
the  impulse  noise  prior  to  the  IF  and  second  detector. 

A  knowledge  of  the  operation  of  the  second  detector  is  important 
in  the  measurements  of  noise  figure  of  the  receiver.  To  measure  the  ENSI 
of  the  receiver,  the  inserted  carrier  should  be  many  times  larger  than  the 
noise.  This  is  spelled  out  in  tests  by  Terman  and  Petit  in  Receiver 
Measurements,  piages  408  to  410. 

^"thermal  noise  is  applied  to  the  diode  detector, the  precise 
analysis  is  too  complex  to  be  innumerated  here.  An  approximate  solution 
is  illustrated  in 9  and  a  more  precise  solution  to  some  of  the  effects  is  given 
by  Rice^  and  Goldman.^  Figure  2.  5  illustrates  some  of  these  effects.  In 
this  illustration  the  rms  amplitude  of  the  noise  is  normalized  at  unity  and 
the  rms  amplitude  of  a  larger  sine  wave  is  normalized  at  2.  8  times  the 
amplitude  of  the  noise.  Of  interest  is  the  amplitude  of  the  AC  signals  follow¬ 
ing  the  detector  when  a  carrier  is  present  and  when  the  carrier  is  not  present. 
We  note  that  more  than  twice  the  noise  power  exists  following  the  second 
detector  when  a  large  carrier  is  present  than  when  it  is  absent.  This  occurs 
because  the  detection  efficiency  is  reduced  and  the  noise  has  to  supply  a  type 
of  quasi-carrier.  The  data  illustrated  in  Fig  ire  2.  5  is  approximate  and  a 
more  thorough  discussion  is  given  in  the  listed  references,  and  applies 
where  the  audio  bandwidth  following  the  detector  is  equal  or  greater  than 
the  1/2  power  IF  bandwidth. 

III.  REMEDIES 

There  are  a  number  of  techniques  that  can  be  employed  to  improve 
the  capture  effect.  Only  the  simplest  will  be  discussed  here.  The  detection 
system  described  in  the  following  paragraphs  is  capable  of  improving  only 
adjacent  channel  interference  problems,  where  the  interfering  signal  at  the 
second  detector  is  larger  than  the  desired  signal  for  the  conventional  IF 
design,  and  where  the  difference  in  frequency  between  the  two  carriers  is 
larger  than  the  audio  or  video  bandwidth. 

Figure  3.  1  shows  a  simple  superheterodyne  receiver  except  that 
two  other  elements  have  been  added.  Piior  to  the  detector,  the  "Q"  of  one 
of  the  tuned  circuits  is  allowed  to  increase  by  a  factor  of  four  for  this  ex¬ 
ample.  In  the  case  of  tube  c.  -uits,  this  increases  the  IF  gain  while  at  the 
same  time  narrows  the  IF  bandwidth.  In  the  case  of  double -side -band  A -M, 
this  increased  "Q"  circuit  should  be  located  in  the  center  of  the  I-F  response. 
As  large  an  increase  in  "Q"  is  desirable  which  is  consistent  with  other  de¬ 
sign  factors,  such  as  local  oscillator  stability.  Now  if  the  desired  A-M 
carrier  is  tuned  at  the  peak  of  this  new  response,  its  higher  frequency  side¬ 
bands  will  be  significantly  attenuated,  ;  To  reconstitute  the  appropriate 
amplitude  relationships,  a  low-frequency  deemphasis  circuit  can  be  added 
to  the  post-detection  filtering.  In  the  case  of  audio,  pre-emphasis  of  the 
higher  audio  frequencies  could  also  be  considered. 

Figure  3.  2(a)  shows  the  relative  amplitude  response  of  the 
peaked  I-F  response.  Note  that  this  response  is  similar  to  that  of  Figure 
2.  2(a),  except  that  the  gain  has  been  considerably  increased  in  the  center 
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portion  of  the  IF  response.  Figure  3.  2(b)  shows  Curve  A^the  low-frequency 
de -emphasis  to  equalize  the  low-frequency  emphasis  introduced  by  the  IF  peak¬ 
ing.  For  comparison,  Curve  B  shows  the  post-detection  filter  response  for 
the  remaining  audio  portion. 

If  the  concept  shown  in  Figure  3.  2  is  used  to  enhance  the  reception 
of  the  weaker  of  two  adjacent  channel  signals,  the  weaker  signal  is  tuned  to  the 
peak  of  the  IF  response  shown  in  Figure  3.  2(a).  Thus  the  carrier  amplitude  of 
the  weaker  signal,  in  this  illustration  is  increased  by  a  factor  of  four  over  that 
found  in  the  usual  IF  response.  If  this  action  increases  the  desired  carrier  to 
interfering-carrier  ratio  sufficiently,  say  to  2  or  greater,  the  detection  pro¬ 
cess  is  captured  by  the  smaller  but  desired  signal  and  the  modulation  of  the 
undesired  carrier  is  then  suppressed. 

Assume  that  the  interfering  carrier  for  the  co-channel  interference 
condition  is  twice  as  large  as  the  desired  carrier  as  defined  by  the  usual  IF 
response.  Figure  2.  4  illustrates  this  condition.  If  the  peaking  de -emphasis 
techniques  shown  in  Figure  3.  2  are  now  substituted  for  the  usual  IF  design 
as  shown  in  Figure  2.  4  and  2.  2  the  desired  carrier  will  now  become  larger 
than  the  interfering  carrier  for  all  adjacent  channel  interfering  conditions. 
Figure  3.  3  illustrates  this  condition.  As  before.  Curve  A  represents  the 
usual  amplitude  response  of  the  IF  amplifier.  Curve  B  represents  the  ampli¬ 
tude  of  the  400  cycle  desired  modulation.  Curve  C  represents  the  carrier- 
to-carrier  beat  note  at  the  detector.  Curve  E  represents  the  acoustical  output 
of  the  undesired  1000  cycle  modulation  and  Curve  F  represents  the  carrier-to- 
carrier  acoustical  output. 

As  the  frequency  of  the  interfering  carrier  is  varied  form  a  co¬ 
channel  interference  condition  to  an  adjacent  channel  interference  condition, 
note  that  this  scheme  offers  little  benefit  in  the  co-channel  interference  case, 
since  the  carrier-to-carrier  beat  note  Curve  F,  predomonate^at  somewhere 
greater  than  a  carrier  difference  of  7  kc,  the  benefits  of  the  IF  peaking  now 
become  apparent.  The  modulation  of  the  desired  carrier.  Curve  B,  is  sup¬ 
pressed  for  a  much  smaller  range  of  tuning  for  the  interfering  carrier.  In 
addition,  the  modulation  of  the  undesired  carrier.  Curve  E,  is  rapidly  sup¬ 
pressed,  once  the  interfering  carrier  is  tuned  out  of  the  peak  response.  The 
following  table  illustrates  the  benefits  of  the  IF  peaking  and  post-detection 
de -emphasis  scheme  over  the  conventional  approach. 


Relative  Audio  Output  Amplitudes 


f.  -  f 

Desired  c ' s 

Interfering  c's 

Desired  c ' s 

Interfering  c's 

Modulation 

S/N 

Modulation 

Modulation 

S/N 

Modulation 

8  kc 

.  2 

.  5 

.  4 

.  3 

1.  5 

.  2 

1  5  kc 

.  3 

30 

.01 

.  3 

120 

.  002 

From  Figures  2.  4  and  3.  3 


The  foregoing  example  was  chosen  to  illustrate  the  principles 
involved  and  may  not  be  the  best  practical  solution.  As  mentioned  previously, 
circuit  and  frequency  stability  pose  challenging  design  problems.  If  tran¬ 
sistors  are  employed,  additional  gain  in  the  audio  and  video  sections  may  have 
to  be  used,  since  gain  is  not  always  exchangeable  for  bandwidth  in  the  case  of 
transistors. 

IV.  EXPERIMENTAL  EXAMPLE 

It  is  always  interesting  to  obtain  some  experimental  data  to 
further  illustrate  analytical  results.  A  collection  of  equipment  to  do  this  is 
illustrated  in  Figure  4.  1,  and  is  self-explanatory.  Great  care  was  taken  so 
as  not  fo  overload  any  portion  of  the  IF  or  detector  circuits.  The  HP  608C 
output  frequency  was  tuned  to  the  center  of  the  IF  response,  and  could,  if 
desired,  be  modulated  about  30%  by  a  400  cycle  tone.  It  represents  the  de¬ 
sired  carrier  and  its  modulation.  The  undesired  carrier  was  generated,  but 
inherently  without  modulation,  by  the  Kay  Verisweep.  We  can,  however,  con¬ 
sider  its  dc  output  as  its  modulation.  The  Verisweep's  operation  was  adjusted 
so  that  its  frequency  varied  from  about  29  me  to  3  1  me  at  a  60  cycle  rate. 

The  horizontal  deflection  of  the  'scope  was  synchronized  to  the  Verisweep's 
sweep  rate.  The  bandpiass  filter  is  utilized  to  eliminate  the  carrier-to-carrier 
heat  note  except  at  the  peak  IF  response.  By  means  of  the  dual  trace  sampling 
plug-in  unit,  the  output  at  the  second  detector  and  at  the  filter  could  be  photo¬ 
graphed  sequentially  for  comparison. 

Figure  4.  2  A,  B,  and  C  shows  the  'scope  trace  for  various 
carrier  to  interference  ratios  without  modulation.  Note  that  in  C,  the  dc 
output  of  the  interfering  carrier  is  suppressed,  but  that  the  beat  note  between 
the  carriers  was  increased.  D,  E,  and  F  of  Figure  4.  2  shows  similar  results 
except  that  the  desired  carrier  was  modulated  30%.  D  and  E  illustrate  very 
dramatically  the  modulation  suppression  of  the  desired  carrier  when  the  inter¬ 
fering  carrier  is  larger  or  of  comparable  amplitude.  Note  that  at  the  outer 
edges  of  the  trace,  where  the  interfering  carrier  is  blanked  by  the  Verisweep 
circuit  design,  the  detector  behaves  normally  and  detects  the  desired  modu¬ 
lation. 

V.  CONCLUSIONS  AND  RECOMMENDATIONS 

The  so-called  linear  diode  detec'ion  process  is  by  no  means 
linear  and  it  plays  a  major  role  in  determining  the  receiver's  true  selectivity. 
The  most  important  factor  is  the  ratio  of  the  desired  carrier  to  interfering 
carriers.  This  ratio  is,  of  course,  a  function  of  the  predetection  IF  response. 
Also  playing  a  major  role  is  the  post-detection  frequency  response.  This 
behavior  of  the  second  detector  complicates  the  measurement  of  interference 
and  noise.  Although  simple  approximate  equations  may  be  employed  to  over¬ 
come  this  measurement  drawback,  measurement  of  the  RMS  signal  prior  to 
the  second  detector  seems  to  be  the  most  straightforward. 

One  hesitates  to  make  any  broad  and  generalized  recommen¬ 
dations  in  view  of  the  wide  variety  of  equipments  and  field  situations.  Never¬ 
theless,  if  one  must  put  his  head  on  the  block,  it  would  seem  desirable  to 
considerably  modify  the  current  AM  receiver  design  practices,  within 
practical  limits,  so  that  the  IF  response  is  as  narrow  as  possible,  and  then, 
after  detection,  de-emphasizing  the  lower  frequencies.  An  alternate  approach 
to  post-detection  de-emphasis  would  be  to  pre-emphasize  the  higher  audio 
frequencies  at  the  transmitter.  It  should  be  emphasized  that  this  IF  peaking 
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improves  only  the  conventional  DSB  or  vestigial  SB  AM  transmission  and 
reception  systems  with  reasonable  degrees  of  modulation.  There  is  no 
indication  that  the  basic  comparisons  previously  made  between  SSB,  DSB 
FM  and  the  like  have  been  changed. 
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FIG.  4.1 


(A)  Top  --  Low-pass  filter  output  for  sweep  only 
Bottom  --  Output  at  second  detector  for  sweep  only 

Scale  1  cm  vert.  =  .  5  volts 

(B)  Top  Low-pass  filter  output  to  sweep  +  carrier 
Bottom  --  Output  at  second  detector  to  sweep  +  carrier 

Scale  1  cm  vert.  =  .  5  volts 

(C)  Top  --  Low-pass  filter  output  to  sweep  ■(■  carrier 
Bottom  --  Output  at  second  detector  to  sweep  +  carrier 

Scale  1  cm  vert.  =  .  5  volts 


1  cm  horizontal  about  1/3  me 
center  frequency  30  me 


Fig.  4.2 


S53 


(D)  Top  “■  Low-pass  filter  output  to  sweep  +  carrier  30/  mod. 

Bottom  --  Output  at  second  detector  to  sweep  +  carrier  30%  mod.  s  =  .5 
Vert.  1  1  cm  =  .  5  volts 

(E)  Top  --  Low-pass  filter  output  to  sweep  +  carrier  30%  mod. 

Bottom  --  Output  at  second  detector  to  sweep  +  carrier  30%  mod.  s  =  1 
Vert. ,  1  cm  =  .  5  volts 

(F)  Top  --  Low-pass  filter  output  to  sweep  +  carrier  30%  mod. 

Bottom  --  Output  at  second  detector  to  sweep  +  carrier  30%  mod.  s  =  3 
Vert.  ,  1  cm  =  1  volt 


1  cm  horizontal  about  1/3  me 
center  frequency  about  30  me 


Fig.  4.2 
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A  1-TO  10-KMC  PANORAMIC  RECEIVING  SYSTEM 
FOR  RFI  MONITORING 

R.  Powers 

Rome  Air  Development  Center 
Rome,  N.Y. 

R.  H.  Sugarman  and  K.  E.  Walker 
American  Electronic  Laboratories,  Inc. 

Philadelphia,  Penna. 

Abstract.  -  A  vol tage- swept  Panoramic  Superheterodyne  Receiving  System  covering  the 
range  from  1  kmc  to  10  kmc  has  been  developed  for  the  rapid  intercept  and  monitoring 
of  radio  frequency  interference.  Known  as  the  AN/GRR-9,  the  equipment  is  contained 
in  a  standard  6- foot  relay  rack  except  for  the  indicators,  which  are  in  a  separate 
bench-mounted  case,  and  the  antennas,  which  may  be  mounted  on  a  tripod  or  a 
rotatable  mast. 

The  entire  frequency  range  of  1  to  10  kmc  is  covered  continuously  and 
simultaneously  in  four  bands  (1  to  2  _<mc,  2  to  4  kmc,  4  to  7.2  kmc  and  7.2  to 
10.3  kmc)  at  sweep  rates  of  either  15  cps  or  60  cps  with  receiver  sensitivities  as 
high  as  -95  dbm.  Each  band  is  provided  with  a  cathode- ray  tube  Indicator  which 
displays  signal  amplitude  vs.  frequency. 

Discussed  in  detail  are  the  antennas,  the  RE  input  filtering  and  mixing 
stage,  the  carclnotron-type  local  oscillators  with  special  leveling  and  sweep 
linearity  correction  circuits,  the  linear  and  logarithmic  IF  amplifiers,  the 
indicator  and  control  unit,  and  the  power  supply  system, 

I .  INTRODUCTION 

The  AN/GRR-9  is  a  wide-range  Panoramic  Superheterodyne  Receiving  System 
covering  the  frequency  range  of  1  kmc  to  10.3  kmc  and  intended  for  rapid  indication 
of  frequency  and  amplitude  of  radiated  signals  within  its  band.  The  entire  fre¬ 
quency  range  is  swept  and  displayed  continuously  and  simultaneously  in  four  bands 
at  sweep  rates  of  either  15  cps  or  60  cps.  The  receiver  has  been  designed  partic¬ 
ularly  for  monitoring  radio  frequency  interference  in  the  above  range  and  may  be 
adapted  to  recording  such  signals  over  long  periods  of  time.  It  can  be  utilized 
to  monitor  potential  equipment  installation  sites  or  test  ranges  to  determine 
rapidly  the  presence  of  objectionable  interfering  signals  with  a  high  probability 
of  intercept.  Where  precise  readings  of  frequency  and  field  intensity  are 
required,  it  is  a  useful,  time-saving  instrument  for  indicating  signal  areas  within 
the  entire  1-to  10-kmc  range,  which  may  be  analyzed  in  more  detail  with  a  manually 
tuned  field  intensity  meter.  The  AN/GRR-9  Receiver  should  find  application  in 
coarse  presentations  of  transmitter  spectral  signatures  and  in  analyzing  emission 
characteristics  of  wide-band  jamming  systems.  The  system  is  designed  for  in¬ 
stallation  at  either  a  fixed  ground  site  or  in  a  van  for  mobile  operation. 

II.  GENERAL  DESCRIPTION 

Figure  1  is  a  photograph  of  the  complete  AN/GRR-9  Receiving  System, 
with  the  exception  of  the  associated  antennas.  When  in.stalled  in  a  mobile  van, 


555  - 


the  antennas  may  be  externally  mounted  on  a  tripod  or  on  a  rotatable  mast. 

As  illustrated,  the  equipment  consists  of  six  cases,  five  of  which  may 
be  contained  in  a  standard  6-foot  relay  rack.  The  sixth  unit  is  the  indicator- 
control  chassis,  which  may  be  located  at  distances  up  to  25  feet  from  the  remainder 
of  the  equipment.  The  five  rack-mounted  units  consist  of,  from  top  to  bottom,  the 
7.2-to  10.3-kmc  RF-IF  drawer,  the  4-to  7,2-kmc  RF-IF  drawer,  the  2-to  4-kmc  RF-IF 
drawer,  the  1-to  2- kmc  RF-IF  drawer,  and  the  power  supply  system. 

A  simplified  block  diagram  of  the  system  is  illustrated  in  Figure  2, 
Linear  horn  antennas  covering  the  frequency  ranges  of  1  to  2,  2  to  4,  4  to  7,  and 
7  to  10  kmc  respectively  feed  the  signals  through  a  coaxial  cable  to  a  corres¬ 
ponding  RF-IF  chassis.  Each  chassis  contains  an  RF  section  (heavy  outline)  con¬ 
sisting  of  a  bandpass  filter,  a  balanced  mixer,  a  vol t age- tuned  local  oscillator 
and  a  local  oscillator  output  attenuator  Each  RF  component  is  designed  for 
operation  over  its  corresponding  frequency  band  Identical  to  all  of  the  RF-IF 
chassis  are  the  local  oscillator  sweep  circuit,  the  power- 1 evel ing  circuit  and  the 
30-mc  IF  preamplifiers  and  IF  amplifiers. 

Detected  video  signals  from  each  of  the  receivers  are  displayed  or. 
corresponding  "plug-in"  cathode-ray  tube  indicacois  having  illuminated  scales  and 
located  on  the  indicator-control  chassis.  This  chassis  also  contains  the  sweep 
generator  which  provides  the  common  sweep  voltages  for  the  cathode-ray  tubes  and 
the  local  oscillators.  As  will  be  discussed  later,  no  provisions  have  been  made 
for  image  rejection;  the  resultant  presentation  of  two  signals  separated  by  60  me 
providing  an  aid  to  recognition  of  the  presence  of  weak  signals.  Ihe  system  power 
supply,  which  is  the  final  unit,  provides  D-C-  voltages  of  -1600V,  -150V,  +1 50V 
and  +300V  to  all  other  chassis. 

III.  EQUIPMENT  DETAILS 


Antennas 


Each  band  of  the  receiver  is  provided  with  a  separate  linearly  polar¬ 
ized  horn  antenna  which  is  of  an  AEL  standard  design  These  antennas  are  shown  in 
Figure  3.  Each  horn  includes  a  broadband  transformer  wavegui de- t o- coax i al  adaptor 
for  connection  to  a  coaxial  line.  Ihe  horns  have  equal  E- and  H-plane  beamwtdths 
and  may  be  oriented  for  maximum  output  to  determine  signal  polarisation  1  he 
minimum  beamwidth  ot  any  antenna  is  not  less  than  15  degroirS  Ihc  gain  varies 
from  12  db  (over  a  dipole)  at  1  kmc  to  17  db  at  10  kmc  Ihe  VbWR  is  1  7  c  less 
at  frequencies  below  7.2  kmc  and  2  8  ot  loss  ai  10  I  kmc 

RF  Comp  on  e  n  t_s 


Figure  4  is  a  top-view  phoiouiaph  of  a  ivpical  kl-  IF  d’aw,.--  I  he 
receiver  input  stage  consists  ol  a  bandpass,  p  r  e,-..' I  ec  t  or  I  il'cr  Ihe  bandpa->s 
tillers  have  a  nominal  insettion  los^-  ol  1  5  db  wuh  signal  ai'cnuation  sO  db 
or  greater  within  107.  of  the  band  edges  lltese  preselectors  combine  their 
characteristic’s  with  the  pass  band  cha  t  ac  l  or  i  si  ics  of  the  balanced  mixer  to  pre¬ 
clude  I'ssent  i  al  1  y  all  spuiious  reception  outr-ide  ol  the'  intended  band 

Special  broadband,  balanced  coaxial  hvh  ;J  :.,i-i-ts  c  ovc  r  i  ni;  the  lull 
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width  of  each  band  are  utilized  to  achieve  Improved  performance.  Increased 
receiver  sensitivities  are  obtained  through  partial  cancellation  of  the  noise  gen¬ 
erated  in  the  local  oscillator.  This  is  accomplished  by  outphasing  of  the  noise 
at  the  IF  preamplifier  input  while  the  desired  signal  is  made  to  phase  additively. 
This  type  of  mixer  also  provides  higher  isolation  between  the  local  oscillator  and 
the  antenna  terminal,  thereby  reducing  oscillator  radiation. 

Local  Oscillators 


The  broadband,  rapid  scanning  operation  of  the  panoramic  receiving 
system  is  made  possible  by  use  of  electronically  tuned  backward  wave  oscillators 
(BWO)  to  provide  local  oscillator  signals  to  the  mixer.  The  carcinotron  or 
permanent  magnet  type  of  backward  wave  oscillator  is  used.  Tubes  which  have  been 
employed  in  the  systems  developed  are  listed  as  follows; 


Frequency  Band  (kmc) 

Tube  Type 

Improved  Tube 

1-2 

QK546  (C0315) 

QKB931 

2-4 

QK691 

QKB816A 

4-7 

QK528  (C094) 

QKB760A 

7-10 

QK610  (C043) 

QKB831 

An  attenuator  is  provided  between  the  local  oscillator  and  the  balanced  mixer 
to  fix  the  level  at  which  the  local  oscillator  is  maintained  with  respect  to 
required  crystal  current.  Also,  the  attenuator  isolates  the  output  of  the  local 
oscillator  from  any  undesirable  standing  waves  caused  by  mismatch  in  the  mixer. 

Curvature  and  Leveler  Circuits 


Although  the  backward  wave  oscillators  provide  the  basic  local 
oscillator  signal  power  required,  they  suffer  from  two  properties  which  must  be 
corrected  in  order  to  utilize  them  in  a  receiving  system  of  this  nature.  As  shown 
by  typical  tube  characteristics  in  Figure  5,  backward  wave  oscillator  output  fre¬ 
quency  is  a  non-linear  function  of  the  input  sweep  voltage.  This  would  result  in 
a  non-linear  calibration  of  the  horizontal  "frequency"  scale  of  the  cathode-ray  tube 
indicators.  In  addition,  tube  power  output  varies  quite  irregularly  over  the  tuning 
range  and  can  have  a  ratio  as  high  as  40  to  1.  Non- limited  power  outputs  could 
result  in  excessive  receiver  sensitivity  variations,  higher  noise  levels,  and 
possibly,  burnout  of  the  mixer  crystal. 

To  correct  these  deficiencies  of  the  backward  wave  oscillators,  sweep 
curvature  and  power- 1 imit ing  circuits  have  been  employed  in  the  AN/GRR-9.  Figure  6 
is  a  simplified  diagram  showing  operating  principles  of  these  two  circuits. 

The  curvature  circuit  contains  an  amplifier  tube  whose  plate  load 
includes  seven  diodes.  Each  diode  is  biased  at  a  different  reference  voltage, 
the  value  of  which  is  adjusted  by  means  of  corresponding  .separate  potentiometers 
arranged  in  a  1  adder- vol tage  divider  network.  As  the  linear  sawtooth  sweep 
voltage  is  applied  to  the  amplifier,  its  output  becomes  curved  through  plate 
load  shunting  action  as  each  diode  becomes  conductive.  Each  reference  voltage  is 
variable  to  allow  for  changing  of  the  curvature  to  accommodate  backward  wave- 
oscillator  Lubes  having  different  characteristics. 
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The  curved  sweep  voltage  is  applied  through  a  differential  amplifier 
ana  a  series  push-pull  output  amplifier  to  the  backward  wave  oscillator.  The 
differential  amplifier  serves  as  a  high  impedance  feedback  point,  feedback  being 
used  to  present  a  low  impedance  source  to  the  backward  wave  oscillator  and  to 
stabilize  amplifier  operation  with  temperature,  power  supply  and  tube  or  circuit 
component  changes. 

In  the  power- leveling  method  employed,  as  shown  in  Figure  6,  mixer 
crystal  current  produced  by  the  backward  wave  oscillator  is  compared  with  a 
reference  signal  in  a  differential  amplifier.  The  resultant  error  signal,  through 
the  D.C.  isolator  circuits,  corrects  the  grid  bias  of  the  backward  wave  oscillator 
to  maintain  essentially  constant  crystal  current  in  the  RF  mixer. 

IF  Components 

The  output  of  the  balanced  mixer  is  connected  to  a  push-pull  30-mc 
IF  preamplifier,  which  is  built  on  a  separate  chassis  in  order  to  achieve  maximum 
circuit  stability.  The  unbalanced  output  of  this  amplifier  is  connected  through 
a  short  coaxial  cable  to  the  main  30-mc  IF  amplifier.  The  IF  strips  are  show 
in  Figure  A.  The  over-all  IF  bandwidth  is  8  me,  which  provides  for  reception  of 
pulse  signals  of  1/2  microsecond  duration  or  greater.  A  continuous  IF  gain  con¬ 
trol  is  provided  for  each  channel  on  the  front  of  the  indicator-control  panel. 

The  IF  amplifiers  may  also  be  switched  to  logarithmic  operation.  A  60- db  dynamic 
range  is  provided  in  this  mode  of  operation  for  both  visual  observation  of  signals 
widely  varying  in  amplitude  and  also  to  facilitate  recording  of  signals  over  long 
periods  of  time. 

Indicators  and  Control 


All  indicators  and  controls  of  the  entire  system  are  arranged  on  a 
19- inch  rack  panel  on  the  front  of  the  indicator  cabinet,  as  shown  in  Figure  7. 

The  Indicators  are  3- inch,  rectangular  cathode- ray  tubes  lined  up  in  order  of 
RF  frequency.  Thus,  looking  at  the  front  of  the  indicator  panel,  one  sees  four 
tubes  with  1.0  kmc  marked  on  the  left  side  of  the  left  tube  and  10.2  kmc  marked 
on  the  right  side  of  the  extreme  right  tube.  Each  tube  has  an  illuminated 
graticule  with  a  frequency-calibrated  scale  engraved  thereon.  Video  indicators 
are  on  sub-chassis  which  slide  in  and  out  of  the  main  video  indicator  panel.  Each 
indicator  is  provided  with  controls  for  beam  focusing  and  positioning,  and  a 
VIDEO  GAIN  control.  IF  GAIN  controls  for  each  ch.annel  are  located  just  below 
the  indicator  for  that  channel.  A  SWEEP  RATE  switch  selects  backward  wave 
oscillator  and  indicator  sweep  rates  of  15  cps  or  60  cps.  The  only  other  con¬ 
trols  provided  and  required  for  the  operation  of  the  receiving  system  are  the 
power  supply  switches  and  a  metering  switch.  These  switches  are  located  along  the 
bottom  of  the  indicator  panel.  There  is  also  an  audio  output  provided  for  each 
channel  and  a  combined  output  for  all  channels.  Sawtooth  sweep  signals  are 
available  at  these  outputs  for  operation  of  other  remote  indicators  or  recorders. 

Figure  8  is  a  photograph  of  the  A- to  7. 2- kmc  indicator  with  two  CW 
signals  present.  Because  of  the  lack  of  image  rejection,  as  previously  mentioned, 
the  signals  appear  as  two  pips  side-by-side  (actually  60-mc  separation),  thus 
serving  to  identify  true  signals,  particularly  in  the  presence  of  baseline  noise 
at  maximum  IF  gain  settings.  The  spike  at  the  start  of  the  sweep  has  occurred 
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with  several  backward  wave  oscillator  tubes.  The  CW  signal  on  the  left  at  4.3  kmc 
is  approximately  -80  dbm,  while  the  CW  signal  on  the  right  at  6.6  kmc  is  -85  dbm. 
The  linear  IF  gain  setting  was  at  three-quarter  maximum  value.  With  low  noise 
backward  wave  oscillator  tubes,  receiver  sensitivities  run  on  the  order  of  -95 
dbm.  Frequency  calibration  is  limited  to  2  percent  of  the  indicated  frequency. 

Pulse -modulated  signals  are  displayed  as  a  pair  of  pips  whose  height 
varies  rhy tlmiically,  depending  on  PRF.  The  brightness  of  the  pips  are  less  than 
those  from  a  CW  signal.  Pulse  stretching  is  used  to  increase  the  visibility  of 
short  pulse  signals. 

Power  Supplies 

The  power  supply  drawer  contains  the  principal  supply  voltages  for 
the  entire  equipment.  A  top  view  photograph  of  this  unit  is  given  in  Figure  9. 
This  chassis  consists  of  two  subassemblies.  Looking  at  the  front  panel,  one  sees 
that  the  transistorized  power  supply  section  is  to  the  right.  The  voltages  from 
this  unit  are  +300,  +150  and  -150  volts. 

The  other  section  contains  the  vacuum  tube-regulated  -1600  volt 
supply.  The  rated  drain  for  the  -1600,  +300  and  -150  volt  supplies  is  200 
mllllamps.  The  rated  current  for  the  +150  volts  is  500  milliamps. 

The  transistorized  power  supplies  have  been  provided  to  conserve 
apace  and  to  minimize  heat  generation  and  power  requirements.  Measures  to  pro¬ 
tect  the  transistors  from  burnout  caused  by  short  circuits  on  the  supply  output 
have  been  Included.  The  power  supplies  are  designed  to  work  on  104  to  126  volts, 
50  to  70  cycles. 


IV.  CONCLUSIONS 

The  1-to  10-kmc  panoramic  receiving  system  described  can  serve  as  a 
highly  useful  instrument  in  signal  environment  evaluations.  Leveling  and 
curvature  techniques  which  overcome  detrimental  backward  wave  oscillator 
characteristics  have  been  incorporated.  The  indicator  cabinet,  which  can  be 
remotely  located  from  the  rest  of  the  equipment,  serves  as  a  convenient  master 
control  unit  and  provides  a  readily  discernible  display  of  intercepted  signals 
over  the  entire  1-to  10-kmc  frequency  range. 
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FIGURE  2.  SIMPLIFIED  BLOCK  DIAGRAM  OF  AN/GRR-9 
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Figure  3  .  Antennas  For  An/gRR-9. 


Attenuator 


DELAY  LINE  VOLTAGE 

FIGURE  5.  BWO  CHARACTERISTICS  TYPE  QK546 


565 


FIGURE  6.  CURVATURE  AND  LEVELER  TECHNIQUES 
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NEW  INSTRUMENTATION  FOR  ACCURATE  MEASUREMENT  OF  BROADBAND 
INTERFERENCE  IN  THE  1  TO  10  KMC  FREQUENCY  RANGE 


by 

G.  LOPEZ  and  M.  ENGELSON 
Polarad  Electronics  Corp. 
Long  Island  City,N.Y. 


Abstract.  -  This  paper  describes  a  multi-bandwidth  receiver  for  measure¬ 
ment  of  broadband  interference  in  the  1  -  10  Kmc  frequency  range.  The 
effect  of  impulse  bandwidth  on  receiver  response  to  pulsed  signals  of  un¬ 
known  energy  distribution  is  considered.  The  pulse  width  -  impulse  band¬ 
width  relationship  is  determined  experimentally  and  approximations  of 
the  sin  x/x  equation  are  used  to  substantiate  these  results. 

Subsequent  discussion  details  the  development  of  instrumen¬ 
tation  to  fulfill  the  required  objectives.  Special  attention  is  given 
to  the  use  of  wide  band,  fast  response  circuitry  utilizing  solid  state 
components . 

I.  INTRODUCTION 

There  are,  at  the  present  time,  available  several  radio  noise 
and  interference  meters  covering  the  frequency  range  of  1-10  G  C/sec.  The 
instrument  to  be  described  (Polarad  C.  F.  I.)  is  the  jnost  recent  addition 
in  this  frequency  range.  The  goal  was  to  improve  on  the  operating 
characteristics  of  existing  instruments  in  the  following  respect: 

1.  Weight  and  size. 

2.  Accuracy  and  range  of  phenomena  to  be  measured.  Particular 
emphasis  was  placed  on  the  low  frequency  response  of  the  direct  peak  read¬ 
ing  V.T.V.M.,  the  bandwidth  arrangement  for  the  measurement  of  broadband 
phenomena,  dynamic  range  and  measurement  accuracy. 

The  weight  and  size  requirement  was  achieved  by  extensive 
transistorization.  The  equipment  under  discussion  contains  only  five 
tubes  -  a  klystron  microwave  oscillator,  a  high  input  impedance  peak, 

V.T.V.M.  and  a  low  noise  signal  preamplifier. 

The  Impulse  generator  calibrator  is  calibrated  against  a  cw 
standard  on  a  point  by  point  basis  in  order  not  to  sacrifice  accuracy 
for  cw  measurements.  High  broadband  measurement  accuracy  can  be  achieved 
by  using  the  substitution  rather  than  full  scale  calibration  method  of 
measurement.  The  general  emphasis,  in  the  field  of  accuracy,  was  placed 
on  broadband  measurement  techniques.  To  this  end  the  instrument  has  three 
carefully  controlled  bandwidths.  The  bandwidths  are  controlled  by  passive 
switchable  filters  and  are  independent  of  I.F.  aging  and  detuning  since 
the  overall  I.F.  amplifier  bandwidth  is  wider  than  the  filters.  One  of  the 
filters  is  adjusted  to  have  an  impulse  bandwidth  of  1  mc/sec,  and  a  meter 
scale  has  been  calibrated  directly  in  uv/mc  and  db  above  1  uv/mc  for  direct 
broadband  measurements  without  conversion  factors. 

The  front  end  noise  voltage  indicated  by  the  peak  V.T.V.M.  is 
proportional  to  the  impulse  bandwidth  used.  With  an  impulse  bandwidth  change 
o£  1  to  10  there  is  a  noise  voltage  increase  of  20db.  If  we  assume  that  the 
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internal  noise  is  about  10  db  above  1  uv  (3  uv)  for  the  low  bandwidth  case, 
the  sensitivity  in  the  wide  bandwidth  case  would  be  30  db  above  1  uv.  A 
conventional  display  of  40  db  above  1  uv  full  scale  would,  therefore,  mean 
a  total  indicator  range  of  only  10  db  under  wide  bandwidth  conditions.  The 
requirement  for  a  70  db  dynamic  range  was  therefore  established. 

II.  THE  BROADBAND  MEASUREMENT  PROBLEM 

One  of  the  prime  requirements  of  any  new  measuring  instrument  is 
that  its  results  be  compatible  with  those  obtained  with  instruments  already 
in  existence.  This  problem  of  agreement  between  measurements  taken  with 
different  instruments  is  particularly  troublesome  for  the  case  of  the  field 
intensity  meter  measuring  broadband  interference.  Broadband  interference  is 
measured  in  terms  of  spectral  intensity  namely,  db  above  a  microvolt  per  me/ 
sec  (D.B.M.C.).  Measurement  in  terms  of  D.B.M.C.  is  presumably  independent 
of  receiver  bandwidth,  thus  making  measurements  obtained  with  different 
instruments  comparable  so  long  as  their  impulse  bandwidths  are  known.  Getting 
the  spectral  intensity  by  dividing  the  peak  meter  indication  by  the  receiver 
bandwidth  is  however,  accurate  only  when  the  Interference  is  impulsive  in 
nature  over  the  frequency  range  of  the  receiver  bandwidth.  This  is  usually 
not  the  case  when  the  interference  is  caused  by  pulsed  R.F.  The  spectrum  of 
a  rectangular  pulse  has  the  well  known  sinx/x  configuration  which,  if  the 
pulse  is  sufficiently  wide,  cannot  be  treated  as  an  impulse. 

1,2, 3, 4, 5, 6 

Several  recent  papers  have  dealt  with  various  aspects  of 
the  broadband  measurement  problem. 

The  effect  of  the  pulse  width  bandwidth  product  on  the  recorded 
spectral  intensity  can  be  calculated  (  see  appendix).  The  following  experi¬ 
mental  and  calculated  data  was  obtained: 


Pulse  Width 

Bandwidth 

Product.  BT  0 

.1 

.2 

.5 

.8 

1.0 

Computed 

error(db)  0 

.1 

.3 

.8 

.3 

4.6 

Error  taken 
from  ref. 

3(db)  0 

0 

1 

2 

3 

5 

Error  determined 
by  experimentation 
(db)  0 

0 

2 

3 

4 

5 

The  reason  for  the  difference  between  the  calculated  and  observed 
errors  at  low  pulse  width  bandwidth  products  is  probably  due  to  the  rounded 
shape  of  the  actual  pulse  and  the  non  ideal  (square)  I.F.  response  curve.  The 
less  Square  the  pulse  the  less  is  its  sideloba  content,  and  the  greater  is 
the  difference  from  a  theoretically  square  pulige  at  low  pulse  widths.  It  is 
observed  that  the  pulsed  R.F.  interference  measurement  problem  is  peculiar  in 
that  the  interference,  depending  on  the  pulse  width  receiver  bandwidth  product, 
is  neither  broadband  nor  narrowband.  The  interference  can  with  reasonable 
accuracy  be  treated  as  broadband  if  the  pulse  width  bandwidth  product  is  less 
than  0.)  and  as  narrow  band  (cw)  if  the  pulse  width  bandwidth  product  is  more 
than  one.  The  uncertain  area  of  pulse  width  bandwidth  products  between  0.1- 
1.0  can  be  eliminated  by  providing  for  bandwidth  changes.  In  this  connection  it 
is  de.sirable  to  have  a  third  bandwidth  in  order  to  easily  determine  which  of  the 
other  two  bandwidths,  broad  or  narrow  band,  to  use  of  the  measurement.  The  inter¬ 
ference  would  be  treated  as  broadband  if  TB:^.l  and  as  narrow  band  if  Tli  ^  1.0. 

An  example  will  illustrate  the  above  statement.  Given  a  wide  pulse,  such  that 


TB=2  then  for  a  bandwidth  1/2  the  maximum  or  TB=1,  it  is  observed  that  the  peak 
V.T.V.M.  indication  hardly  changes  at  all.  It  can  then  be  surmised  that  the 
pulse  is  wide  enough 
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to  be  treated  on  a  cw  basis  when  using  the  wide  receiver  bandwidth.  If  on  the 
other  hand  the  interference  is  caused  by  a  very  narrow  pulse,  say  TB  =0.05, 
for  a  bandwidth  increase  of  five  times  the  minimum  bandwidth  or  TB  =  0.25, 
the  meter  reading  will  change  by  a  factor  of  approximately  five.  This  inter¬ 
ference  can  obviously  be  treated  on  an  Impulsive  basis.  Thus  by  switching 
between  the  two  bandwidths,  it  is  possible  to  determine  the  most  accurate 
manner  of  treating  the  interference,  namely  narrow  or  broadband.  For  the 
unlikely  case  of  interference  ca.ised  by  a  pulse  width  such  that  TB^j^ji  =  0.1 
and  TBj^  =  1.0,  the  Interference  could  equally  well  be  treated  as  narrow 
or  broaiSand,  depending  on  the  bandwidth  used. 

III. DESCRIPTION  OF  SYSTEM  (FIG.l) 

The  receiver  under  discussion  (Polarad  CFI)  is  a  triple  conver¬ 
sion  superheterodyne  receiver  covering  the  frequency  range  from  1-10  KMC. 

(fig.  2).  Calibration  is  obtained  by  an  impulse  generator  with  flat  output 
over  the  entire  frequency  range. 


The  following  specifications  apply: 

Frequency  Range 
Method  of  calibration 
Input  Impedance 
Sensitivity  (1  me  BW  @  S=N) 

Impulse  Bandwidths 

Image  and  spurious-  response  rejection 
Video  bandwidth 
Weighting  circuits 


lOOOmc  to  10,000mc 
Impulse  Generator 
50  ohms 
-90  dbm  (min) 

1  me , 5mc , 8mc 
60db  down 
12mc 

Avg,  quasi-peak, 
peak,  slideback-peak 


The  frequency  range  of  the  receiver  is  covered  in  four  bands 
(typical  tuning  head  band  shown  in  fig. 3). 


Band  I  .950-2040  Me 

Band  II  1900-4340  Me 

Band  III  4200-7740  Me 

Band  IV  7300-10,000Mc 


Preselection  is  employed  in  each  band  to  reduce  the  image  response, 
located  at  twice  the  first  IF  from  the  desired  signal,  to  greater  than  60db 
down.  Because  of  the  relatively  high  1st  IF  frequency  of  260  MC,  a  two  cavity 
preselector  design  provides  the  necessary  off-band  attenuation.  The  pre¬ 
selector  3  db  bandwidth  varies  from  8-10  Me  at  the  low  bands  to  18-25  Me  at 
the  high  bands.  The  preselector  is  cam  driven  along  the  band  simultaneously 
with  a  klystron  cavity  oscillator  which  delivers  fundamental  L.O.  power  to 
the  1st  mixer. 


Alignment  of  the  preselector  and  cavity  oscillator  is  facilitated 
with  use  of  anti-back  lash  gears  and  rigid  tuning  mechanisms.  With  this 
mechanical  arrangement,  frequency  accuracy  is  held  to  1%. Digital  frequency 
readout  is  obtained  by  the  use  of  a  decade  counter. 

Further  frequency  stability  is  obtained  by  AFC.  A  D.C.  feedback 
voltage,  which  is  opposite  in  polarity  to  signal  or  oscillator  drift,  is 
applied  to  the  klystron  repeller.  Capture  and  hold-in  capability  is  largely 
determined  by  the  IF  discriminator  bandwidth  and  the  repeller  mode  width. 
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The  1st  conversion  results  in  a  260  Me  IF.  Amplification  at  this 
frequency  is  obtained  with  two  broadband  grounded  grid  amplifiers .  Ceramic 
planar  triodes  are  employed  to  achieve  an  IF  noise  figure  of  5  db.  The  gain 
of  the  260  Me  IF  is  18  db  with  a  bandwidth  of  20  Me.  Vacuum  tubes  were 
selected  over  transistors  in  this  application. 

At  the  time  of  development  comparative  noise  figures  and  gain, 
with  solid  state  devices,  were  obtainable  only  with  experimental  units  of 
moderately  high  price.  Transistors  are  however,  presently  available  with 
performance  somewhat  equivalent  to  the  planar  triode.  However,  it  has  been 
shown' that  the  non-linearities  inherent  in  transistors  are  such,  that  noise 
figure  measurements  are  meaningful  only  in  the  absence  of  signal.  Tests 
have  shown  that  because  of  cross  modulation  effects,  improvement  of  S/N  ratio 
as  a  function  of  input  signal  does  not  follow  the  expected  increase. 

Obviously,  one  of  the  requirements  of  a  receiver  used  for  RFI 
is  that  its  susceptibility  to  cross  modulation  be  negligible.  Methods  are 
outlined  to  reduce  the  high  cross-modulation  effect  prevalent  in  RF  Tran¬ 
sistor  amplifiers.  However,  they  entail  compromises  which  ultimately  increase 
the  noise  figure  of  the  amplifier.  By  employing  vacuum  tubes  at  the  front 
end,  this  problem  is  not  encountered.  Sufficient  gain  is  obtained  by  the 
grounded  grid  amplifiers,  so  that  noise  contribution  by  succeeding  mixer 
and  amplifying  stages  is  negligible. 

Conversion  to  140  Me  IF  takes  place  immediately  following  the 
two  stages  of  260  MC  triode  amplifiers..  L.O.  power  is  supplied  by  a  fre¬ 
quency  doubler  driven  by  a  crystal  controlled  60  Me  transistor  oscillator. 

This  oscillator  also  drives  a  triplet  to  generate  180  Me  L.O.  power  for  the 
final  conversion  to  40  He.  The  amplifier  chain  at  140  Me  consists  of  five 
synchronously  tuned  transistor  stages,  three  of  which  are  AGC  controlled. 
Overall  gain  is  20db  with  25  Me  BW.  The  stages  used  for  AGC  are  biased 
for  reduced  gain  to  obtain  optimum  operating  conditions  for  the  wide  dynamic 
range  required.  Interstage  coupling  is  simplified  with  the  use  of  toroidal 
ferrite  cores.  Efficient  coupling  is  obtained  and  interstage  feedback  is 
minimum  because  of  its  self-contained  field.  The  tuned  inductance  of  the 
primary  is  purposely  made  small  so  that  collector  capacity  can  be  adequately 
loaded  externally, 

A  third  and  final  conversion  results  in  a  40  Me  IF.  A  tran¬ 
sistor  stage  is  used  as  a  mixer  with  180  Me  L.O.  emitter  injection.  Six 
stages  of  40  Me  IF  amplifications  follow,  the  last  stage  being  a  5639  pen¬ 
tode.  High  power  output  requirements  (20  db  dynamic  range),  with  14  Me 
overall  IBW,  made  it  necessary  to  employ  a  tube.  A  3K  ohm  detector  load  is 
required  to  obtain  the  bandwidth.  RF  detection  efficiency  with  a  3K  load 
is  slightly  greater  than  507o.  The  output  tube  must  therefore,  swing  at 
least  50  VRMS  to  produce  the  required  output  at  the  detector.  To  transis¬ 
torize  this  stage  requires  a  transistor  of  approximately  5  watt  collector 
dissipation  and  at  least  a  lOOV  collector-base  voltage  rating.  Such  a 
transistor  is  costly  and  adds  additional  difficulties  in  the  driver  stages. 

The  tube  used  is  rated  at  4w  plate  dissipation  and  is  driven  by  a  low-power 
transistor  of  the  drift-field  type,  2N384.  Overall  IF  3  db  bandwidth  is 
10  Me,  and  the  video  BW  following  PF  detection  is  12  Me.  The  multiple 
impulse  bandwidth  provision  takes  the  form  of  a  filter  chassis  which  is  in¬ 
serted  in  the  40  Me  IF  amplifiers  chain. 

The  filter  chassis  contains  two  filter  networks  with  impulse 
bandwidths  of  1  me  and  5  me  selectable  by  a  front  panel  switch.  A  third 


position  on  the  switch  marked  8  me  does  not  contain  a  filter,  but  feeds  through 
the  signal  with  only  the  normal  IF  and  video  bandwidth  restrictions.  The 
filters  used  are  double  tuned,  critically  coupled  networks.  Insertion  loss 
of  the  narrow  band  filter  is  approximately  4  db.  and  the  5  Me  filter  is  1  db. 

A  40MC  if  amplifier  is  used  in  conjunction  with  the  filter  networks  to  compen¬ 
sate  for  the  unequal  transmission  loss.  A  change  in  d.c.  operating  point  of 
the  transistor  amplifier  results  in  a  change  of  gain  when  the  system  is 
switched  to  the  5  and  8  Me  positions.  Two  adjustment  pots  are  used  to  pre¬ 
cisely  set  the  gain  in  the  mid  and  wide  band  condition  so  that  there  is  no 
visible  change  in  output  meter  indication  as  a  function  of  bandwidth.  This  is 
only  true  for  high  level  signals.  Signals  close  to  noise  will  be  modified 
by  virtue  of  noise  changes.  The  overall  IF  bandwidth  of  lOMc  plays  a  negli¬ 
gible  part  in  determining  receiver  impulse  bandwidth  in  the  narrow  and  inter¬ 
mediate  positions.  Changes  in  the  lOMc  wide  IF  bandwidth,  due  to  different 
transistor  parameters  and  temperature  effects,  has  no  effect  on  the  1  and 
5Mc  IBW  of  the  receiver.  Furthermore,  critical  alignment  of  an  IF  amplifier 
to  a  specified  bandwidth  is  not  necessary.  Stability  in  the  wide-band 
condition  is  obtained  by  controlling  the  video  bandwidth.  Impulse  bandwidth 
is  determined  by  the  combined  bandwidth  of  RF,  IF  and  Video  stages.  It  was 
mentioned  earlier  that  the  video  BW  is  12Mc,  therefore  in  the  narrow  and 
intermediary  bandwidth  conditions  the  impulse  BW  is  strictly  a  function  of 
the  narrow  IF  filters.  However,  in  the  wide  band  position,  the  combined 
responses  of  video  and  IF  amplifiers  result  in  an  impulse  BW  of  11  Me. 

Bandwidth  reduction  of  the  video  stages  is  accomplished  by  a  capacitivie 
adjustment  which  reduces  the  video  bandwidth  to  obtain  a  system  IBW  of  8mc . 

The  wide  bandwidth  of  this  receiver  could  create  a  problem 
on  the  output  peak  reading  voltmeter.  Under  the  wideband  conditions  the 
receiver  is  capable  of  passing  a  .06  micro  sec  pulse  unattenuated.  At  high 
duty  cycles  the  charge  current  requirements  for  a  simple  RC  detector  circuit 
are  satisfied  by  conventional  circuits  of  proper  bandwidth.  But  as  the  duty 
cycle  is  lowered  the  problem  becoges  one  of  supplying  extremely  high  charging 
current  pulses  of  short  duration.  The  large  charge  current  requirements 
make  it  desirable  to  have  a  low  source  impedance.  The  combination  of  emitter 
follower  and  junction  diode  make  an  almost  ideal  driving  source  with  no 
complexity. 


The  output  impedance  of  an  emitter  follower  is  approximately 

R  =  fig  R  =  output  impedance 

°  B  +  1  R°  =  source  impedance 

=  AIC  =  Current  gain 
A  IB 

The  detector  output  load  impedance  is  approximately  3K.  A  2N1143  transistor 
is  used  as  an  output  video  stage,  with  a  typical  beta  of  30.  Substituting 
these  values  results  in  an  R^  of  approximately  100. 

The  diode  that  is  used  as  a  peak  detector  should  meet  the  two 
to  1  lowing  requirements: 

1.  It  must  have  high  conduction  capability. 

2.  Back  resistance  must  be  sufficiently  hif^'..  ao  that  loading 
on  the  VTVM  stage  is  negligible. 

A  search  through  the  multitude  of  junction  diodes  available  shows  that  where 
high  conduction  is  available  a  low  back  resistance  usually  is  present. 
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Certain  computer  silicon  diode  types,  however,  are  an  exception.  They 
combine  hi^  conduction  capability  with  extremely  high  back  resistance. 
Keasurementa  of  unselected  units  with  a  milliyi^ammeter  indicated  leakage 
currents  of  no  greater  than  3  inilliyi(^amperes.  This  is  equivalent  to  a 
back  resistance  of  greater  than  200  Megohms.  The  conduction  characteristics 
are  such  that  with  a  forward  current  equal  to  1  ampere  the  voltage  drop 
across  the  diode  is  typically  1  volt.  The  effective  diode  resistance  in 
the  forward  region  is  typically  1  ohm.  Thus  the  transistor  and  diode 
combination  represent  a  source  inpedance  of  approximately  100  ohms.  This 
low  source  impedance  characteristic  coupled  with  high  speed  recovery  time, 
make  the  transistor  diode  circuit  ideal  for 'this  application. 

The  circuit  shown  in  fig.  U  represents  the  peak  reading  VTVM. 

Because  of  the  low  source  inpedanee  of  the  transistor-diode  combination, 
a  load  capacitance  of  .01  uf  is  acceptable  and  yet  maintain  the  charge  time 
requirements.  This  circuit  does  not  require  the  use  of  electrometers  or 
special  vacuum  tubes  to  obtain  a  proper  discharge  time.  The  lew  duty 
cycle  response  of  this  VTVM  is  shown  in  fig.  li.  Vacuum  tubes  were  chosen 
over  transistors  to  properly  realize  a  hi^  d.c.  impedance.  A  dual  triode 
stage  serves  as  a  VTVM  in  a  cathode  coupled  configuration  that  provides 
a  hi^  degree  of  linearity. 

There  are  many  methods  of  AGO  used  to  obtain  wide  dynamic 
range  in  transistor  superheterodyne  receivers.  If  the  transistor  is  used  as 
a  gain  control  element,  then  it  can  be  connected  to  utilize  its  forward 
or  reverse  bias  characteristic,  to  obtain  gain  control.  Each  system  has 
its  pros  and  cons.  As  a  rule  more  dsmamic  range  can  be  obtained  with  re¬ 
verse  AQC,  but  forward  AGC  has  superior  signal  overload  properties. 

Still  other  methods  are  available  to  the  designer  in  the  form 
of  diode  networks  which  control  interstage  signal  transfer.  In  these 
methods  forward  diodes  or  reverse  diodes  (eg.  Varicap)  are  employed  in 
shunt  signal  circuits.  With  conventional  receivers,  these  methods  can  be 
used  with  a  degree  of  success,  dependent  on  the  type  of  signal  received 
and  its  presentation  at  the  output.  Reverse  ACiC  was  chosen  over  the  other 
kdC  schemes  because  of  its  uniform  gain  characteristics.  With  this  technique 
the  output  gain  characteristics  is  reproducable  within  ^  db. 

The  impulse  generator  employed,  produces  a  flat  spectrum  over 
the  entire  operating  frequency  range.  A  150V  iiipulse  of  .02  nano  sec. 
duration  is  keyed  at  1000  cycles  to  generate  this  roectrum.  Peak  output 
of  the  inpulse  generator  is  set  at  60  db  over  1  uv/mc  (-liTdbm)  for  receiver 
of  1  MC  IBW  and  is  variable  over  a  20  db  range.  Periodic  reversal  of  charging 
voltage  on  the  shorting  contacts  significantly  decrease  the  effect  of 
single  contact  corrosive  build  up.  All  video  circuitry  employed  to  drive 
the  generator  is  transistorized;  because  of  this,  power  needed  to  drive 
the  generator  is  below  30  watts. 

The  entire  receiver  is  constructed  in  a  manner  to  facilitate 
manufacturing  and  provide  ease  of  maintenance,  the  circuits  shown  in 
fig.  1  are  housed  in  individual  sub-chassis.  All  the  sub-chassis  are 
easily  secured  and  removed  from  the  main  frame.  Transistorized  power 
supplies  included.  Tuning  head  chassis  are  interchanged  quickly  and  no 
internal  or  external  hand  connections  are  necessary  to  prepare  the 
receiver  for  operation.  This  modular  type  of  construction  adds  versatility 
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to  the  receiver.  Since  receiver  elements  can  be  readily  integrated,  the 
form  factor  of  the  receiver  can  be  easily  adjusted  to  fit  specific  require¬ 
ments,  both  from  a  mechanical  and  electrical  viewpoint. 

IV.  CONCLUSIONS 

The  conclusions  that  can  be  drawn  from  this  project  are  many 
and  varied.  The  major  points  are  that:  -  Transistors,  if  properly  utilized, 
can  contribute  markedly  to  RIFI  receiver  design.  The  compatibility  problem, 
getting  the  same  results  with  different  instruments,  can  be  successfully 
solved.  For  the  case  of  the  present  receiver,  the  solution  takes  the  form 
of  three  switchable  bandwidths .  This  is  the  first  of  a  new  generation  of 
solid  state  Field  Intensity  Receivers. 

APPENDIX 

EFFECT  OF  PULSE  WIDTH  BANDWIDTH  PRODUCT  ON 
MEASURED  SPECTRAL  INTENSITY 

Assuming  a  rectangular  R.F.  pulse  (figure  6)  we  find  that  the 
frequency  spectrum  of  the  envelope  has  the  well  known  sin  x/x  distribution 
(figure  2.)  The  spectral  intensity  at  the  carrier  frequency  (frequency 
that  is  being  pulsed)  is  F(fo)  =  ET  ^ 

2  * 

1  +  sin  2  foT  exp  (-J2  TT  foT)  |  which  reduces  to  ET  for 
^  2  foT  2 

foT  y  2.  The  lowest  I.F.  of  the  C.F.I.  is  40  mc/sec.  F  (fo)  can  there¬ 
fore  be  taken  as  ET/2  down  to  a  pulse  width  of  T  =  2 _  =  ,05  usee. 

40  X  106 

The  peak  meter  Indication  will  be  determined  by  the  portion  of  the  frequency 
distribution  that  falls  within  the  video  amplifier  passband  after  uetection, 
as  shown  in  figure  8. 


The  deyiation  of  the  peak  meter  reading  follows:  The  integrated 
Impulse  bandwidth  ,  for  the  case  of  many  stages  in  cascade  is: 


B  =  _ L 

Go 


.CO 

Ig  (f) 


o  .CO. 

Vp  =  S  Go  B  =  Is  G  (f)  df 


S  is  the  spectral  intensity,  which  is  C  Sin  IT  fT 

IT  fT 


thus 

CO 

1 

Vp  =  C 

Sin  TT  fT 

.  iG  (f) 

df 

Jo  TTfT 

1 

rfo  +B/2 

Vp=  C 


Sin  T  fT 
TfT 


Thus  the  peak  pulse  level  reaching  the  V.T.V.M.  is 
fo  +B/a 

.jn—c'  C  Sin  II  fT  df= 

VP-C  /o  - - 

.fo  +  B/2  fl  +  B/2 

=C _  Sin  X _  dx  =  Kf  Sin  x 

•w*  'T>  '  m  /  ■  ' 
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T  =  Pulse  width 
B  =  Band  width 

f  =  Deviation  from  center  frequency  (fo) 


The  spectral  Intensity  computed  from  the  above  peak  voltage  reading  is 
F'  (f)  =  K 


TB 


Jfo 


Sin 


dx 


The  true  spectral  intensity  is  of  course,  K,  which  we  can  normalize  to 
K=l.  fo+  B/2 

F'  (f)  =  ^  f  Sin  X  dx 

TB  — - 


Sinx.is  the  so-called  sine  integral  Si  x,  values  of  this  integral  can  be 


found  in  any  mathematical  table  of  functions.  It  is  now  possible  to  de¬ 
termine  the  effect  of  the  bandwidth  pulse  width  product  on  the  spectral 
intensity  measured  by  the  receiver.  For  example: 

Let  1  X  B  =  1  at  this  point  x  =  ft 
T 


f=  deviation  from  center  frequency  which  is  equal  to  the  video  bandwidth  (B) 
f  =  B  and  x  =  T 


F' 
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1  _ 
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dx 
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The  computed  error  is: 


BXT  0 

Pulse  width 
bandwidth 
product 

.1 

.2 

.5 

.8 

1,0 

F  (f)  1.0 

.985 

.965 

.867 

.706 

.593 

Error  d.b.  0 
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.3 
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Figure  1 

System  Block  Diagram 


Figure  ? 

Calibrated  Field  Intensity  Receiver 
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Figure  3 

unlng  Head  Chassis 
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Figure  U 

Low  Frequency  Response  of  Peak  VTVM 


A  SENSITIVE  RI'KORDING  SYSTEM  FOR  H.'iRMONIC  PATTERN 
I'SASURSMSNTS  AT  MICROwAVS  FREQNSr^GIES 


R.  J.  Dovlak  and  D.  J.  Lewis 
The  Moore  School  of  Electrical  Engineering 
Un3.versity  of  Pennsylvania 
Philadelphia,  Pennsylvania 

Abstract.  -  A  recording  system  having  a  high  sensitivity  and  a  broad  dynamic 
range  was  developed  and  tested.  A  high  sensitivity  is  obtained  through  the 
use  of  a  microwave  receiver  as  the  detector.  To  obtain  the  necessary  range 
and  freedom  from  nonlinearities,  a  servo  feedback  system  in  conjunction 
with  a  calibrated  attenuator  is  used  to  maintain  the  detected  signal  at  a 
constant  level.  At  L  band  frequencies  the  system  has  a  total  dynamic  range 
of  over  ICiO  db.  The  setup  is  adaptable  to  standard  microwave  generators 
and  detectors. 

I.  INTRODUCTION 

The  measurement  of  antenna  patterns  at  freouencies  beyond  the 
normal  design  band  of  the  antenna  is  an  exacting  task  because  of  the  need 
to  observe  complex  field  distributions.  The  need  for  an  antenna  pattern 
recording  system,  having  a  large  dynamic  range  and  a  strictly  linear 
relation  between  the  recorded  results  and  actual  power  levels,  is  apparent. 
The  use  of  a  system  which  combines  sitaplicity  and  versatility  with  a  large 
dynamic  range  is  therefore  desirable.  Such  a  recording  system  has  been 
developed.  Conventional  pattern  recorders  are  dependent  upon  the  linear  and 
non-linear  characteristics  of  crystal  detectors  and  mixers  and  are  limited 
in  dynamic  range  due  to  deviation  from  these  characteristics  when  input 
power  levels  exceed  certain  bounds.  Extremely  sensitive  low  noise  receiving 
systems,  such  as  those  employing  parametric  amplifiers  or  masers,  are  limited 
in  their  input  power  range  because  of  changes  in  their  characteristics  at 
relatively  low  power  levels  and  hence  full  advantage  of  the  increased 
sensitivity  cannot  be  achieved. 

In  the  proposed  system  the  crystal  detector,  mixer,  parametric  or 
maser  element,  will  always  be  operated  at  a  constant  level  of  input  signal 
thereby  eliminating  the  dependence  of  system  linearity  on  volt-ampere 
characteristics . 


II,  PRINCIPLE  OF  OPERATION 

The  prime  component  in  the  recording  system  is  a  precision 
variable  attenuator  which  controls  the  level  of  the  incut  signal.  A 
"waveguide  below  cut-off"  type  attenuator,  which  is  characterized  by  its 
stability  and  accuracy,  has  been  used  successfully.  This  attenuator  has 
the  advantage  of  having  a  linear  dependence  between  insertion  loss  (in  db) 
and  couplinr  distance.  Other  types  of  precision  attenuators  having  a 
minimum  insertion  loss  of  zero  db  are  available  and  may  easily  be  utilized 
in  the  system. 
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The  basic  components  used  in  this  system  are  shovm  in  block 
diagram  fonn  in  Fig^  1.  The  transmitter  output  level,  which  is  modulated 
by  an  'audio  signal  frequency,  equal  to  the  carrier  frequency  of  the 
servo  system,  is  controlled  by  the  variable  attenuator  and  fed  to  the 
transmitting  antenna.  The  transmitted  signal  can  be  detected  by  using  a 
simple  microwave  crystal  detector  and  tuned  amplifier  or  a  more  complex 
superheterodyne  receiver.  The  detected  signal  at  frequency  is  fed  to 
a  difference  amplifier  where  an  "error"  voltage  proportional  to  the 
difference  between  a  reference  voltage  and  the  signal  is  amplified  and 
sent  to  the  field  winding  of  a  servo  motor  which  controls  the  setting  of 
the  attenuator.  The  reference  voltage  is  chosen  to  have  the  same  frequency 
as  the  modulation  voltage  of  the  microwave  transmitter.  When  the  received 
signal  level  exceeds  the  reference  voltage  level,  the  servo  motor  drives 
the  attenuator  to  increasing  levels  of  attenuation  until  a  received  signal 
is  attained  having  the  same  an5>litude  as  the  reference  voltage  level. 

When  the  transmission  loss  between  the  two  antennas  is  increased  due  to 
antenna  rotation,  resulting  in  a  decrease  of  received  signal  level  at  the 
difference  amplifier,  the  "error"  voltage  "returns"  the  attenuator  setting 
to  lower  levels  of  attenuation  until  the  received  signal  equals  the 
reference  voltage  level.  In  this  manner,  a  continuous  record  of  the 
varying  transrtii.ssion  loss  between  transmitter  and  receiver  can  be  obtained. 

The  normally  closed  switch  is  used  to  cut  off  the  reference 
voltage  at  the  zero  db  setting  of  the  attenuator  dial  in  order  to  prevent 
the  servo  motor  from  driving  the  attenuator  beyond  its  mechanical  limits. 

The  position  of  the  attenuator  dial  is  recorded  by  coupling  a 
potentiometer  to  its  shaft.  A  dc  voltage,  proportional  to  the  angular 
position  of  the  shaft,  is  conveyed  from  the  variable  arm  of  the  potentio¬ 
meter  to  a  high  impedance  dc  recorder.  The  indicator  records  the  angular 
position  which  for  a  "waveguide  below  cut-off"  type  attenuator  is  linearly 
proportional  to  the  attenuation  in  db  of  transmitted  power.  The  antenna' s 
angular  position  is  relayed  to  the  recorder  in  the  conventional  manner  as 
shown  in  Fig.  1. 


III.  GENEaiAL  CONSIDERATIONS 

The  system  maintains  a  constant  level  of  receiver  input  signal 
determined  by  the  level  of  the  reference  voltage,  Vj.,  and  the  gain  of  the 
receiver  Gp.  The  accuracy  and  linearity  that  can  be  achieved  is  primarily 
limited  by  the  characteristics  of  the  variable  attenuator  employed.  The 
difference  voltage  (Vg-  Vj.)  is  related  to  the  servo-motor  control  voltage 
V(.  by  the  relationship 


(1) 


whore  is  the  gain  of  the  difference  amplifier  and  Vg  the  signal  voltage. 
Vc  is  determined  primarily  by  the  load  torque  characteristics  of  the  servo¬ 
motor.  In  order  that  the  servo  motor  resronds  to  an  inrut  control  voltage, 
Vj.  must  be  greater  than  or  equal  t^  where  is  the  minimum  voltape 
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needed  to  activate  the  servo  motor. 


It  is  convenient  to  define  a  system  accuracy  parameter,  p,  by 
the  relation  ^ 

p  »  10  log  ■-  (2) 

r 

A  factor  of  10  is  used  in  equation  (2)  because  we  are  considering  a  video 
receiver  in  vrhich  the  output  voltage  is  proportional  to  the  input  power. 
Substituting  equation  (l)  into  (2),  we  obtain 

|p|>10  1op[i"^  (3) 

Equation  (3)  is  plotted  in  Fig.  2  for  values  of  »  30,  and  =  100, 
which  are  the  characteristics  of  the  system  used.  The  figure  indicates 
close  agreement  between  the  experimental  points  obtained  and  equation  (3) . 

The  dynamic  range  of  the  system  is  limited  on  the  high  end  by 
the  maximum  power  level  of  the  transmitter.  The  low  end  limitation  is 
determined  by  the  noise  level  of  the  system  and  the  required  system 
performance . 

In  obtaining  qualitative  information,  it  is  found  that  dynamic 
range  must  be  sacrificed  for  increased  system  performance  and  accuracy. 
Consider  the  servo  motor  to  have  the  ideal  characteristics  as  shown  in 
Fig.  3.  Also  to  simplify  the  analysis  we  shall  only  consider  the  steady 
state  operating  conditions  of  the  motor, 

A  given  load-torque  level  detei*mines  the  minimum  control 
voltage  ’’min  below  which  the  servo  motor  is  not  activated.  Maxinmm 
sensitivity  is  obtained  when  the  system  gain  G^Gj,  is  set  to  a  value  such 
that  the  noise  voltage  level  Vjj  is  equal  to  With  the  above  considera¬ 

tions  it  is  possible  to  obtain  a  quantitative  value  for  the  dynamic  range 
as  a  function  of  system  accuracy.  Assuming  that  noise  voltage  (Vj,) 
originates  only  in  the  crystal  detector,  the  {S/N)^,  voltage  ratio  at  the 
control  windings  is  defined  by 

r  s\  ^  I'^s"  ,, , 


or  rewriting 


(f)  • 


dubstituting  from  equation  (2)  and  solvinr-  for  p  we  obtain 
[pI  =10  log  -gr 
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whore  (f^  -  ^  . 


The  dynamic  range  of  the  system  is  given  by 

Kdb  “  r  (7) 

0 

where  Pt  is  the  available  transmitter  power  and  the  power  level  at  which 
video  crystal  is  operated.  The  demodulated  signal  power  output,  Pg,  is 
related  to  the  input  rf  power  P^  and  crystal  diode  conversion  loss  C(db)  by^ 

p,  - 

The  signal  to  noise  voltage  ratio  at  the  input  to  the  audio  receiver  is 


where  Pjj  is  the  crystal  noise  power  at  the  modulation  frequency  f  .  P  and 
the  noise  power  level,  P^^,  are  related  to  (S/N)j^  and  crystal  diode  conversion 
loss  by 


.-1  C  ^n 


where  C  «>  conversion  loss  in  db. 


Solving  for  P^  we  obtain 


•“o  •  p„  Qy  £5 


and  substituting  (9)  into  (7)  R  becomes 


Rdb  -  10  log 


1 

GVJ  ■ 


Substituting  for  (S/R)j^  from  equation  (6)  we  obtain  the  relation 
between  dynamic  range  and  accuracy. 


Hdb  =  10  log 


P  - 

t  V  log  -^10/ 
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Heasiired  values  of  noise  power  at  a  seirvo  carrier  frequency  of 
60  cps  were  about  -65  dbm.  The  conversion  loss  of  video  crystals  average 
about  5  The  limits  on  values  of  (Sy^)^  are  not  easily  defined,  but 

appear  to  be  dependent  on  the  servo  motor  and  noise  characteiustics. 
However,  a  value  of  about  0.2  has  been  experimentally  found  for  the  system 
described  below.  Substituting  the  above  values  in  equation  (13)  and 
simplifying  it  results  that 


100  -  C  +  10  log  8  +  10  log 


Equation  (12)  is  plotted  in  Fig.  U  as  a  function  of  system  accuracy  for  a 
transmitted  power  level  of  1  milliwatt.  Also  plotted  in  the  figure  are 
experimental  points  obtained  for  a  crystal  detector  having  a  noise  power 
of  -62  dbm.  Hence,  with  this  system,  a  crystal  video  detector  offers  a 
59  db  dynamic  range  with  an  accuracy  of  less  than  +  0.3  db.  Other  sources 
of  error  such  as  gear  back-lash,  friction,  etc.  were  not  considered  in  the 
above  analysis.  The  use  of  a  60  cps  carrier  frequency  caused  an  excess  of 
noise  due  to  cable  pick-up  and  may  account  for  the  differences  between 
experimental  points  and  the  theoretical  curve. 

Crystal  diode  noise  power  at  audio  frequencies  obey  an  inverse 
frequency  law3  and  one  may  expect  an  improvement  in  the  sensitivity  and 
consequently  an  increase  in  dynamic  range  if  the  carrier  frequency  is 
somewhat  higher  than  60  cps.  For  instance,  at  a  frequency  of  1000  cps  the 
noise  power  may  be  decreased  by  as  much  as  10  db.  However,  at  still 
higher  frequencies  the  noise  power  is  independent  of  frequency  and  no 
advantage  would  be  gained  by  increasing  the  carrier  frequency  of  the  servo 
system  indefinitely. 

The  use  of  a  more  sensitive  receiving  system  will  extend  the  range 
of  operation  considerably  with  increased  accuracy  and  dynamic  range.  For 
instance  the  use  of  a  superheterodjme  receiving  system,  as  described  below, 
having  a  sensitivity  of  about  105  dbm  resulted  in  a  system  having  a 
dynamic  range  of  about  100  db  with  an  accuracy  better  than  +  0.3  db. 

IV.  DESCRIPTION  OF  i^YSTEM 

The  physical  layout  of  a  typical  feedback  measurement  system, 
which  was  developed  and  constructed  for  a  series  of  antenna  pattern  measure¬ 
ments  at  harmonic  frequencies,  is  shown  in  Figs,  5  to  7.  In  this  setup  a 
double  conversion  superheterodyne  receiver  is  used  as  a  detector  to  obtain 
the  maximum  possible  range.  A  series  of  Hewlett-Packard  signal  generators 
provide  the  signal  power.  A  t^’pical  pattern  record  obtained  with  this 
system  is  shown  in  Fig,  8.  The  important  system  characteristics  (response 
speed,  rari^rs  and  accuracy)  are  tabulated  in  Table  1. 
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The  feedback  sei^o  aesemply  is  mounted  on  an  adjustable  bracket 
which  can  be  attached  to  the  panel  grips  of  several  different  signal 
generators.  The  attenuator  dial  knob  on  the  signal  generator  is  replaced 
with  a  small  gear  which  meshes  with  the  drive  gear  on  the  servo  motor. 

With  this  arrangement,  the  internal  attenuator  of  the  signal  generator  forms 
part  of  the  feedback  loop.  A  total  frequency  range  of  from  1  kmc  to  10  kmc 
was  possible  with  the  signal  generators  used  with  this  unit.  The  potentio¬ 
meter  used  in  the  voltage  divider  circuit  activating  the  recorder  pen  is 
mounted  on  the  same  panel  and  is  geared  to  the  attenuator  shaft  to  provide 
a  dc  output  signal  which  is  linearly  related  to  db  of  attenuation. 

The  servo  amplifier  and  its  associated  power  supply  is  mounted  in  a 
six  foot  relay  rack  together  with  the  recorder.  The  same  rack  also  supports 
the  servo  amplifier  and  power  supply  for  the  recorder  roll  servo.  A  control 
panel  a-t  the  top  of  the  relay  rack  contains  the  biasing  circuits  used  to 
adjust  the  zero  level  and  scale  factor  for  the  recorder  pen. 

The  modulation  and  reference  voltages  are  taken  directly  from  the 
60  cycle  power  line.  This  permitted  us  to  drive  a  small  60  cycle  two  phase 
servo  motor  directly  from  the  output  of  the  servo  amplifier.  However,  as 
would  be  anticipated,  stray  pickup  is  a  serious  problem  when  this  frequency 
is  used. 


The  basic  servo  system  was  also  uisad  for  obtaining  contimious  records 
of  insertion  loss  as  a  function  of  frequency.  The  arrangement  was  basically 
the  same  as  for  the  antenna  pattern  measurements,  except  that  the  signal 
generator  frequency  dial  was  linked  through  a  second  servo  system  to  the 
recorder  roll  drive.  A  broadband  crystal  mount  with  a  tuned  audio  amplifier 
was  used  in  place  of  the  superheterodyne  receiver  to  avoid  the  problem  of 
keeping  the  detector  tuned  to  the  same  frequency  as  the  signal  generator. 

The  results  of  these  tests  were  extremely  promising.  It  was  possible  to 
obtain  plots  of  insertion  loss  as  a  function  of  frequency  with  a  great  deal 
more  orecision  and  accuracy  than  can  be  obtained  from  point  by  point 
techniques. 
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THE  VOICE  INTERFERENCE  ANALYSIS  SET, 

AN  INSTRUMENT  FOR  EVALUATING  THE  PERFORMANCE 
OF  A  VOICE  COMMUNICATION  CHANNEL 


W.  M.  Grim,  Jr. 

General  Electronic  Laboratories,  Inc. 
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Abstract.  -  The  Voice  Interference  Analysis  Set  rapidly  and  accurately 
analyzes  the  performance  of  a  voice  communication  channel  in  the  presence 
of  interference.  The  analysis  is  computed  on  the  basis  of  a  14-band  Articu¬ 
lation  Index  calculation  as  developed  by  French  and  Steinberg.  A  modu¬ 
lated  pilot  tone,  which  replaces  the  usual  speech  signal,  is  transmitted  over 
the  link  under  test.  At  the  receiver,  the  tone  is  used  to  normalize  the  inter¬ 
ference  so  that  noise -to -signal  ratio  measurements  can  be  made  in  each  of 
the  bands.  The  individual  channel  outputs  are  then  properly  combined  to 
produce  the  final  output. 

Analog  and  coded  digital  outputs  are  provided  in  addition  to  a 
front  panel  indication. 

In  addition  to  simple  cases  of  white  and  shaped  noise,  the  sys¬ 
tem  can  evaluate,  individually  and  in  combination,  complicated  cases  involv¬ 
ing  reduced  transmission -path  bandwidth,  peak  clipping  at  the  transmitter, 
narrow  band  interference,  and  interrupted  interference. 

Self  check  features  and  malfunction  alarms  are  included  for 
monitoring  the  performance  of  the  system. 

I.  INTRODUCTION 

The  Voice  Interference  Analysis  Set  is  a  system  designed  to 
analyze  rapidly  the  performance  of  a  voice  communication  channel  in  the 
presence  of  external  and  system  noise.  The  analysis  is  made  on  the  output 
of  the  channel  and  the  results  are  presented  in  terms  which  can  be  readily 
interpreted  in  terms  of  word  score. 

A  system  type  test  is  desirable  because  it  is  a  complete  voice 
communication  system  which  is  under  test.  All  components  should  be  tested 
under  conditions  simulating,  as  closely  as  possible,  the  normal  operating 
conditions  of  the  system.  Because  the  talker  and  the  listener  are  also  parts 
of  the  system,  their  characteristics  must  be  considered  in  any  test  of  the 
complete  system  in  order  to  obtain  valid  results.  Tests  measuring  the  de¬ 
tailed  electrical  characteristics  of  a  receiver  alone  are  desirable,  but  in 
themselves  do  not  indicate  how  the  system  will  perform  for  speech  transmis¬ 
sion  under  actual  conditions. 

A  simple  method  of  evaluating  system  performance  is  to  measure 
signal -to-noise  ratio  at  the  output  of  the  receiver.  However,  when  an  attempt 
is  made  to  convert  this  measurement  to  Articulation  Index  (AI),  a  standard 


system-performance  parameter,  gross  errors  can  arise  in  the  conversion. 
Fig.  1  shows  the  range  of  AI  possible  for  different  forms  of  interfering  signal 
as  a  function  of  output  signal-to-noise  ratio. 

The  standard  method  of  measuring  system  performance  is  the 
listener  test  in  which  a  number  of  people  listen  trough  the  system  to  a  list  of 
words  read  by  a  talker.  Systems  are  then  scored  by  the  percentage  of  words 
correctly  understood.  Such  tests  usually  require  a  trained  crew  of  at  least 
ten  people  and  approximately  15  minutes  is  required  for  each  test.  Thus,  the 
listener  test  is  not  satisfactory  where  large  amounts  of  data  must  be  gath¬ 
ered  in  short  periods  of  time, 

A  relatively  recent  theory  of  speech  intelligibility  indicates  that 
the  information  lies  in  the  syllable  envelope  pattern  rather  than  in  the  fine 
details  of  the  speech  waveform.  This  theory  was  based  on  the  fact  that 
trained  operators  can  "read"  speech  spectrograms,  and  "write"  words  which, 
when  played  back  properly,  can  be  understood.  Practical  machines^  operat¬ 
ing  on  this  Pattern  Correspondence  principle  have  been  designed  and  built  at 
General  Electronic  Laboratories.  Unfortunately,  such  a  machine  requires  a 
"clean-line"  sample  of  the  speech  waveform  in  close  time  correspondence 
with  the  sample  used  to  modulate  the  transmitter. 

The  Voice  Interference  Analysis  Set  (VIAS)  described  in  this 
paper  was  designed  to  provide  a  method  for  system  testing  which  had  none  of 
the  disadvantages  of  either  the  listener  test,  the  Pattern  Correspondence 
machine,  or  the  signal-to-noise  ratio  measurement  method.  The  system  is 
capable  of  making  a  complete  measurement  in  30  seconds.  It  was  designed 
by  General  Electronic  Laboratories,  Inc.  specifically  for  use  in  the  Electro¬ 
magnetic  Environmental  Test  Facility  being  developed  for  the  U.  S.  Army 
Signal  Corps  by  Pan  American  World  Airways,  Inc.  and  Bell  Aerosystems 
Corp. 

Although  developed  for  the  specific  purpose  mentioned  above,  the 
equipment  is  sufficiently  versatile  to  be  used  directly,  or  with  minor  modifi¬ 
cation,  in  any  situation  where  system  degradation  due  to  interference  must  be 
rapidly  and  accurately  evaluated  in  accordance  with  psychcacoustic  principles. 

II,  BASIC  OPERATING  PRINCIPLES 

The  VIAS  is  essentially  an  analog  computer,  designed  to  instru¬ 
ment  the  AI  method  of  performance  calculation  originated  by  French  and 
Steinberg^  and  modified  by  Beranek^.  In  this  method  of  computation,  the 
speech  frequencies  between  200  and  6100  cycles  are  divided  into  a  number  of 
equally  contributing  bands,  usually  20.  The  signal-to-noise  (S/N)  ratio  in 
each  band  is  determined  and  expressed  logarithmically  on  a  scale  where  unity 
or  fully  contributing  correspond  to  a  S/N  ratio  of  plus  18  db  and  zero  or  non¬ 
contributing  corresponds  to  an  S/N  ratio  of  minus  12  db.  Ratios  above  or 
below  these  values  are  rated  as  unity  or  zero  respectively.  These  individual 
channel  contributions  are  summed  and  divided  by  the  number  of  channels  used. 
The  result  is  the  AI  for  the  system.  Curves  for  converting  the  calculated  AI 
to  word  score  for  different  vocabularies  appear  in  the  literature.^ 


No  speech  is  actually  transmitted  in  this  machine.  A  modulated 
pilot  tone,  located  near  the  peak  of  the  normal  speech  spectrum,  is  used  to 
provide  a  reference  level.  Because  the  speech  spectrum  shape  is  known,  the 
levels  of  speech  can  be  directly  inferred  from  the  reference  tone  for  the 
machine  calculation  of  S/N  ratio. 

As  originally  developed,  the  AI  calculation  was  valid  for  only 
steady-state  wide -band  noise.  Subsequent  modifications  by  Krsrter  extend 
the  calculation  for  cases  where  peak  clipping  exists  at  the  transmitter,  for 
narrow  band  interference,  and  for  interrupted  types  of  interference. 

m.  PHYSICAL  DESCRIPTION 

The  complete  VI^S  consists  of  three  major  components:  the 
Analyzer,  the  Test  Signal  Generator,  and  the  Self  Check  Signal  Generator. 
The  Analyzer  is  housed  in  a  standard  77"  high  cabinet.  The  remaining  units 
•  occupy  24-1/4"  and  15-3/4"  of  panel  space  in  a  standard  19"  relay  rack. 

The  entire  set  contains  127  vacuum  tubes  exclusive  of  power 
supplies  and  requires  approximately  2  kilowatts  from  a  115-volt,  60  cps, 
single-phase  line,  for  operatfbn. 

Pictures  of  the  units  are  shown  in  Fig.  2. 

IV .  SYSTE  M  OPERAT  ION 

A  block  diagram  of  the  VIAS  is  shown  in  Fig.  3  together  with  the 
transmitter  and  receiver  portions  of  the  voice  communication  channel  under 
test.  Subsequent  sections  of  this  paper  refer  to  this  figure. 

In  operation,  a  tone  generator  supplies  a  950 -cycle  tone  triangu¬ 
larly  modulated  at  a  5-cps  rate  for  modulation  of  the  transmitter.  The  aver¬ 
age  output  level  corresponds  to  the  average  power  of  speech.  The  modulation 
simulates  the  time-varying  power  characteristics  of  the  speech  waveform. 

The  output  voltage  of  the  receiver  under  test  includes  the  compo¬ 
nents  near  950  cycles  representing  the  speech  output  and,  in  general,  noise 
components  related  to  the  interference.  The  transducer  response  network 
shown  in  Fig.  3  passes  for  further  processing  only  those  components  which 
correspond  to  the  acoustic  output  of  the  transducer  used  with  the  system. 

A  filter  separates  the  950  cycle  tone  components  from  the  noise 
components.  The  tone  is  detected  to  provide  a  slowly  varying  direct  current 
for  controlling  the  gain  of  the  log  amplifier.  The  log  amplifier  is  a  high-gain 
operational  amplifier  with  a  logarithmic  diode  in  the  feedback  path  so  that  its 
closed-loop  gain  for  the  noise  components  fed  to  it  is  inversely  proportional 
to  the  magnitude  of  this  direct  current.  Thus,  the  output  of  the  log  amplifier 
is  a  noise  whose  amplitude  is  proportional  to  the  input  noise-to-signal  ratio. 

For  convenience  in  the  instrumentation,  two  shaping  networks  are 
included  in  this  portion  of  the  system  to  weight  the  frequency  distribution  of 
the  noise  in  a  manner  inversely  proportional  to  the  normal  speech  spectrum. 
Thus,  the  noise  spectrum  level  at  any  frequency  at  this  point  in  the  system  is 
made  to  be  proportional  to  the  noise-to-speech  ratio  at  the  same  frequency  at 
the  input  to  the  system. 
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As  required  by  the  French  and  Steinberg  computation  method,  the 
noise  is  separated  into  bands  for  analysis.  Fourteen  are  used  in  this  machine. 
The  bandwidth  for  each  filter  is  selected  to  provide  equal  contribution  to  AI 
for  each  band.  The  gain  through  the  filter  and  its  associated  amplifier  is  ad¬ 
justed  so  that  the  noise  output  is  proportional  to  the  noise-to-speech  ratio  in 
the  band  with  the  same  proportionality  constant  for  each  channel. 

Because  the  machine  actually  measures  noise  voltages  corres¬ 
ponding  to  noise-to-speech  ratio,  it  is  convenient  for  the  remainder  of  this 
discussion  to  think  of  the  machine  as  measuring  degradation  of  AI,  (1  -  AI), 
rather  than  AI  directly. 

The  output  of  each  channel  is  detected  to  provide  a  direct  voltage 
proportional  to  the  noise,  A  limiter  at  the  detector  output  limits  the  voltage 
to  the  30-db  range  with  limits  corresponding  to  zero  and  fully  contributing 
channels.  Such  limiting  is  necessary  to  prevent  an  extremely  noisy  channel 
from  producing  more  than  its  permissible  amount  of  degradation  and  to  pre¬ 
vent  an  extremely  quiet  channel  from  cancelling  out  the  degrading  effects  of 
noise  in  other  channels.  Such  limiting  is  required  by  the  AI  calculation 
technique. 

The  limited  output  of  each  channel  is  logarithmically  weighted 
and  combined  in  a  summing  network.  The  output  of  the  summing  network  is 
integrated  for  approximately  seventeen  seconds  to  provide  an  analog  output 
indication.  This  particular  output  is  in  terms  of  degradation,  "0"  represent¬ 
ing  a  quiet  system.  A  simple  stepping-switch  analog-to-digital  converter 
provides  a  12 -wire,  20 -state  output  code  for  driving  punch  card  or  other  data 
recording  machines  as  well  as  a  10-state  front -panel  indication. 

In  addition  to  performing  an  AI  calculation  on  broadband  noise, 
the  machine  will  evaluate  narrow-band  and  interrupted  interference  and  the 
beneficial  and  detrimental  effects  of  peak  clipping  at  the  transmitter  end,  as 
well  as  combinations  of  these  effects.  The  methods  by  which  a  machine 
evaluates  these  conditions  is  outlined  in  the  subsequent  paragraphs, 

A  modification  of  the  AI  calculation  to  account  for  the  effects  of 
narrow  band  interference,  the  so-called  spread-of -masking  correction, 
states  that  interference  in  any  band  actually  affects  all  other  bands  to  a 
degree  dependent  on  both  the  separation  between  the  analysis  band  in  question 
and  the  frequency  of  the  interference  and  on  the  frequency  of  the  interference 
itself. 

The  machine  evaluates  this  effect,  in  the  dase  of  the  upward 
spread  of  masking,  by  connecting  the  input  of  each  cha'nnel  detector  to  all  of 
the  lower  frequency  channels  through  a  network  with  the  proper  attenuation 
value.  There  is  no  correction  for  a  less  well-established  effect,  downward 
spread-of-masking,  in  this  machine.  This  correction,  although  minor,  could 
be  included  by  a  similar  network. 

a  is  well  known  that  peak  clipping  of  a  voice  signal  at  the  trans¬ 
mitter  wUl  result  in  improved  performance  in  the  presence  of  interference, 
primarily  because  the  average  side-band  power  can  be  increased.®  This 
equipment  reproduces  this  effect.  As  mentioned  previously  tiie  modulated 
signal  for  the  transmitter  is  a  modulated  tone  designed  to  simulate  the 
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average  level  of  speech.  E  peak  clipping  is  incorporated  in  the  transmitter, 
a  normal  adjustment  of  the  tone  input  will  result  in  an  increased  transmitter 
output  at  950  cycles.  Becanse  this  will  now  result  in  an  enhanced  receiver 
tone  output,  the  gain  for  noise  as  determined  by  the  log  amplifier  will  be  re¬ 
duced.  Thus,  detected  output  voltages  and  the  corresponding  degradation 
will  be  reduced.  AI  as  indicated  by  the  digital  output  will  be  correspondingly 
increased.  In  contrast  to  the  enhancement  in  the  presence  of  noise,  peak 
clipping  causes  a  reduction  in  intelligibility  when  no  interference  is  present. 
The  machine  is  designed  to  make  an  appropriate  correction  for  this  effect. 

A  study  of  the  Kryter^  procedure  for  calculating  the  effects  of 
interrupted  noise  on  AI  indicates  that  for  higher  interruption  rates  the  re¬ 
sults  are  dependent  only  on  the  duty  cycle  of  the  noise.  Corrections  in  this 
region  are  obtained  by  taking  advantage  of  the  fact  that  the  channel  filters 
essentially  average  the  noise  of  higher  rates.  By  selecting  a  detector  form 
whose  response  is  proportional  to  the  average  output,  the  correction  is 
arrived  at  without  further  circuitry. 

Correction  at  low  interruption  rates  is  obtained  by  designing  the 
detectors  to  follow  the  envelope  of  the  interrupted  interference.  However, 
because  of  the  statistical  nature  of  the  noise,  considerable  filtering  is 
demanded  in  the  detector  and  so  this  design  goal  has  been  somewhat  compro¬ 
mised. 

The  basic  AI  concept  implies  that  channels  which  have  no  infor¬ 
mation  (speech)  have  no  contribution  to  index.  The  machine  is  thus  provided 
with  contribution  switches  for  ten  of  the  end  channels.  These  switches  have 
three  positions:  full,  haE,  and  zero  contributing.  The  system  is  arranged 
so  that  when  a  channel  is  zero  contributing,  the  AI  is  reduced  by  an  amount 
equivalent  to  full  error  in  the  channel  and  the  channel  is  prevented  from 
producing  further  reduction  even  if  noise  is  present.  When  the  switch  is  in 
the  half-contributing  position,  the  AI  is  reduced  by  half  of  the  maximum 
single  channel  reduction  and  the  reduction  due  to  noise  is  limited  to  an  addit¬ 
ional  half  channel.  Information  for  determining  the  setting  of  these  switches 
must  be  obtained  by  a  normal  frequency  response  check  on  the  complete 
system  including  the  input  and  output  transducers. 

The  logic  and  timing  circuit  consists  of  accurate  timer  to  set  the 
integration  period  as  well  as  the  relay  logic  necessary  to  accept  input  control 
pulses,  Tq  ,  Tj  ,  and  T2  ,  and  perform  all  the  internal  switching  necessary 

for  a  measurement.  Examples  of  internal  switching  functions  are:  reset 
commands  for  the  timer,  stepping  switch,  and  integrator;  removal  of  re¬ 
sponse  corrections  during  a  check  cycle;  alarm  indication;  and  timer 
initiate  pulses. 


V.  MONITORING  PROVISIONS 

Self  Check  provisions  for  periodic  calibration  are  provided  in 
order  to  provide  a  quick  check  of  the  performance  of  the  machine.  A  Self 
Check  Signal  Generator  consisting  of  a  source  of  950  cycle  tone  and  a  source 
of  noise  shaped  to  have  the  spectral  distribution  similar  to  that  of  speech  is 
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provided  as  a  piece  of  auxiliary  equipment.  By  means  of  internal  feedback 
and  built-in  attenuators,  signals  of  various,  accurately  known,  signal-to- 
noise  ratios  are  conveniently  available.  In  normal  system  operation,  a  Self 
Check  Signal  Generator  is  permanently  wired  to  the  analyzer  but  not  electri¬ 
cally  connected. 

When  a  check  cycle  is  initiated  by  means  of  a  button  on  the  Anal¬ 
yzer,  the  input  is  automatically  transferred  from  the  system  being  tested  to 
the  output  of  the  Self  Check  Signal  Generator,  and  all  corrections  for  system 
frequency  response  are  removed.  The  Analyzer  then  performs  a  normal 
analysis  on  the  test  signal.  K  the  error  in  output  is  more  than  5%,  an  alarm 
indication  is  provided. 

For  greater  reliability,  the  output  of  the  Test  Signal  Generator  is 
continuously  monitored. 

The  input  line  to  the  Analyzer  is  continuously  monitored  to  pro¬ 
vide  an  alarm  in  the  event  of  a  receiver  or  transmission  line  failure  result¬ 
ing  in  no  pilot  tone  and  no  noise  input. 

VI.  SYSTEM  PERFORMANCE 

When  analyzing  interference  consisting  of  white  noise  or  speech¬ 
shaped  noise,  a  properly  adjusted  system  will  provide  answers  within  2%  of 
the  theoretical  results  under  laboratory  conditions.  Variations  of  up  to  5% 
may  be  expected  under  field  conditions.  A  typical  curve  for  white  noise  is 
shown  in  Fig.  4. 

The  result  for  cases  in  which  peak  clipping  exists  at  the  trans¬ 
mitter  show  up  to  7%  error  in  the  laboratory;  deviations  of  up  to  10%  may 
be  expected  in  the  field.  A  typical  curve  showing  performance  in  the  presence 
of  peak  clipping  is  shown  in  Fig.  5. 

The  results  for  cases  of  broadband  interrupted  interference  are 
not  as  accurate  as  those  mentioned  above;  errors  up  to  30%  have  been  re¬ 
corded  for  low  duty  cycle  (20%)  medium  rate  (100  EPS)  interruptions.  For 
all  other  curves  tested  (all  combinations  of  10,  100,  1000  interruptions  per 
second  and  20%,  40%,  70%  duty  cycle)  the  deviations  from  published  data"^ 
were  typically  less  than  15%  of  AI. 

Vn.  CONCLUSIONS 

The  Analysis  Set  described  in  this  paper  should  be  a  great  aid  in 
making  interference  measurements  when  the  results  are  desired  in  psycho¬ 
acoustic  terms.  Although  designed  specifically  for  use  in  the  Electromag¬ 
netic  Environmental  Test  Facility,  the  equipment  is  capable  of  operating  in 
any  situation  where  rapid  and  accurate  determination  of  the  effects  of  noise 
on  the  performance  of  a  voice  communication  link  is  desired. 
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Fig.  2  Units  of  the  Voice  Interference  Analysis  Set. 
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Abstract.  -  This  paper  discusses  the  present  trends  in  microelectronics 
and  the  smticipated  rf  interference  problems.  The  various  miniaturization 
techniques  and  the  state  of  the  art  are  outlined. 

I.  INTRODUCTION 

Today  much  money  and  effort  are  being  expended  in  the  general 
field  of  microelectronics.  Virtually  every  large  electronics  firm  has 
committed  itself,  to  at  least  an  exploratory  program  in  this  so’ea.  There  is 
no  reason  to  think  that  this  effort  will  decrease  in  the  near  futiire;  however, 
there  is  a  wide  range  of  opinions  as  to  how  far  and  how  fast  miniaturization 
will  be  carried.  Rather  fantastic  packing  densities  have  been  forecast  \dilch 
at  present  are  completely  unresJListlc  because  of  power  dissipation  limitations. 
The  levels  of  miniaturization  discussed  in  this  paper  are  those  which  are 
presently  feasible  and  which  are  Just  beginning  to  appear  on  the  market. 

Except  for  a  few  limited  cases,  little  has  been  done  to  determine 
the  electromagnetic  conpatlbility  of  these  miniature  circuits.  Diis  is  the 
case  for  a  variety  of  reasons,  one  being  that  the  small  size  inherently 
reduces  many  coupling  problems.  Perhaps  even  more  important,  very  few  sub¬ 
systems,  let  alone  systems,  have  actually  been  constructed  from  miniaturized 
circuits;  therefore,  it  has  not  been  necessary  to  consider  the  radio-frequency 
interference  problems  very  thoroughly.  This  situation,  however,  is  rapidly 
changing  and  within  one  to  two  years,  many  electronic  equipments  will  be 
thoroughly  studied  to  determine  the  feasibility  of  complete  or  partial  minia¬ 
turization.  At  that  time  a  substantial  electromagnetic  compatibility  study 
will  be  required. 

Basically,  there  are  two  interference  problems:  One  concerns  the 
vindeslred  coupling  between  the  microcircuits,  and  the  other  the  interference 
that  originates  external  to  them.  Customarily,  the  interference  radiated 
from  an  equipment  itself  must  be  considered,  but  microminiaturized  equipment 
will  operate  at  such  low  power  levels  that  the  radiated  energy  will  be  negli¬ 
gible  in  practically  all  cases.  The  most  typical  problem  will  be  the  situ¬ 
ation  in  which  only  part  of  a  system  is  miniaturized.  The  engineer  responslb.le 
for  radio -frequency  interference  will  have  to  deten^ne  if  the  remaining 
unminiaturlzed  conqxsnents  will  adversely  affect  the  operation  of  the  minia¬ 
turized  section.  This  would  be  diffic\J.t  without  an  understanding  of  the 
general  miniaturization  techniques.  A  detailed  knowledge  of  fabrication 
techniques  is  unnecessary;  however,  the  engineer  should  be  familiar  with  the 
different  types  of  miniature  resistors  and  capacitors  available. 

II.  BA-SIC  COMPONEN'iti 

There  are  three  typical  resistors,  two  of  which  are  shown  in  Fig.  1 
In  solid  silicon  circuits  the  bulk  resistor  is  simply  a  bar  of  semiconductor 


with  ohmic  contacts  on  both  ends.  This  type  of  resistor  is  limited  to 
relatively  low  valti-s  for  various  reasons.  For  exan^ile,  if  the  bar  is  too 
thin  or  too  neurow,  its  lack  of  physical  strength  makes  it  difficult  to  handle. 
The  second  silicon  type,  the  diffused-layer  resistor,  is  shown  in  (B)  and  (C) 
of  Ilg.  1.  A  thin  layer  of  p-type  material  is  formed  in  the  n-type  bar.  When 
reversed  biased,  the  p-n  junction  isolates  the  diffused  layer  from  the  rest  of 
the  bar.  Since  the  diffused  region  can  be  very  narrow  and  thin,  the  value  of 
this  resistor  can  be  much  higher  than  the  bulk  resistor.  3h  reference  to 
Fig.  1,  (C)  is  a  modified  version  of  (B).  The  third  type  of  miniature  resis¬ 
tor  is  the  thin-film-deposlted  resistor.  In  this  method  a  resistive  material 
is  deposited  on  an  insulating  substrate.  The  resistive  material  may  be  chosen 
from  a  wide  range  of  materials  varying  from  common  nichrome  to  little-known 
alloys.  Here  again  the  deposited  layer  may  be  quite  small  in  cross  section, 
thereby  facilitating  the  production  of  high  resistances. 

There  are  two  basic  types  of  capacitors:  thin  film  and  p-n 
junction.  The  thln-film  capacitor  la  composed  of  two  conducting  layers  with 
a  film  of  dielectric  in-between.  One  common  configuration  is  successive 
layers  of  silicon,  silicon  oxide,  and  a  deposited  metal.  Another  type  of 
thin-fllm  capacitor  consists  of  successive  layers  of  deposited  metal,  Insiilator, 
and  another  layer  of  deposited  metal.  Ordinarily  the  upper  limit  on  these 
capacitors  will  be  in  the  0.005  microfarad  range.  The  other  typical  capacitor 
is  a  p-n  jtmctlon  type.  Basically  the  p-n  jimction  operates  as  a  diode;  however, 
if  the  junction  Is  reverse  biased,  it  can  be  utilized  as  a  capacitive  element. 

The  maximum  capacitance  that  can  be  produced  in  this  manner  is  several  thousand 
picofarads. 


One  very  promising  aspect  of  the  above  circuit  elements  is  the 
ease  with  ^ich  they  may  be  coinblned  to  form  distributed  RC  networks,  as 
shown  in  Fig.  2.  In  this  ease  the  diffused  layer  has  a  relatively  high  con¬ 
ductivity.  The  p-n  jxmctlon  supplies  the  capacitance,  and  the  bulk  material 
functions  as  the  resistance.  There  eu^  numerous  contact  arrangements  for  this 
simple  configuration  that  can  be  used  to  obtain  a  variety  of  electrical  char¬ 
acteristics  from  the  structure.  For  instance,  there  could  have  been  only  one 
contact  on  the  bottom  instead  of  two.  This  one  contact  could  have  been  in  the 
middle,  at  either  end,  or  any>diere  in-between.  There  could  have  been  three 
contacts  on  the  bottom  instead  of  two.  These  variations  are  almost  unlimited 
and  each  one  has  different  characteristics. 

There  have  been  several  atteii5)t8  to  produce  miniature  Inductors, 
the  best  of  which  has  been  only  moderately  successful.  Since  no  one  has 
introduced  a  really  satisfactory  means  of  producing  miniature  Inductors,  a 
circuit  to  be  miniaturized  ordinarily  should  be  completely  redesigned  to  avoid 
the  use  of  inductances.  This,  of  course,  is  not  always  possible,  but  a  signif¬ 
icant  reduction  in  the  number  of  Inductors  used  in  typical  circuits  may  be 
expected. 


In  many  instances,  the  relative  ratios  of  active  to  passive  com¬ 
ponents  can  be  expected  to  change  sharply  when  the  circuits  are  miniaturized. 
In  the  past,  economics  has  demanded  that  the  number  of  active  components  be 
held  to  a  minimum  because  of  the  low  relative  cost  of  high-grade  resistors 
and  capacitors.  Particularly  in  a  miniaturized  solid  silicon  circuit,  a  diode 
or  transistor  will  often  be  cheaper  to  make  than  a  resistor  or  capacitor. 
Therefore,  the  percentage  of  active  components  can  be  expected  to  increase  by 
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a  factor  of  two  or  three. 


Actually  there  are  three  basic  approaches  used  to  form  mlolature 
circuits:  the  discrete  con^onent,  the  multilayer  thln-film,  and  the  semicon¬ 
ductor  solid-circuit  approaches.  Ibese  are  in  the  derelopment  phase,  and  some 
hardware  representing  each  of  them  is  in  pilot-line  production. 

m.  DISCRETE  CCMPOHENT  CIRCUIT 

In  the  discrete  coa^nent  approach,  each  con^nent  is  produced 
separately  and  miniaturized  individually.  One  program  of  this  type  that  haus 
received  considerable  attention  is  the  micromodule  system  proposed  by  the 
Signal  Corps.  In  this  concept  each  component  is  placed  on  an  individual 
ceramic  wafer  and  then  several  wafers  are  stacked  to  form  a  module,  as  shown 
in  Pig.  3.  On  each  wafer  ^ich  is  standard  size  O.31  X  0.3I  X  0.01  Inches, 
the  connections  are  brou^t  out  to  the  notches.  Twelve  riser  wires  placed  in 
the  notches  are  used  to  connect  the  components  to  form  the  desired  circuit. 

After  the  proper  connections  are  made  by  soldering,  the  whole  unit  is  encap¬ 
sulated  in  epoxy  for  protection.  The  finished  module  may  be  plugged  into  a 
printed  circuit  board  in  the  same  way  as  for  a  transistor.  The  heigdit  of  a 
module  depends  upon  the  ntnaber  and  type  of  components  needed. 

At  present,  two  pieces  of  equipment— the  Helxtet  Radio  and  the 
Micropac  Conputer--are  being  fabricated  from  micromodules.  The  Helmet  Radio, 
designed  for  use  at  the  infantry  squad  level,  is  in  the  prototype  stage.  The 
Micropac  Computer  (Pig.  k)  is  conpletely  compatible  with  the  Army  lUeld  Data 
System  and  can  replace  a  much  bulkier  computer  having  the  same  capacity.  It 
has  a  volume  of  3  cu*  and  wei^s  100  lbs.  Its  memory  of  magnetic  cores 
has  a  capacity  of  2000  words  emd  it  can  be  increased  to  toOO  or  6000  words. 

The  \diole  unit  has  a  power  requirement  of  1500  w.  A  prototype  model  will  be 
completed  by  September  19^2 .  At  this  stage  of  development,  the  radio-frequency 
interference  problems  in  the  Helmet  Radio  have  not  received  very  much  attention. 

It  appeared  that  the  i.f.  stages  in  the  radio  might  cause  some  difficulty; 
therefore,  a  metal  can  was  placed  around  each  i.f.  module  as  a  shield.  Ih  the 
prototype  models,  this  arrangement  has  been  perfectly  satisfactory.  The  conputer 
has  not  been  subjected  to  externally  produced  rf  interference  tests  such  as  those 
described  by  Harder  and  Powers  of  IBI,^  and  there  are  no  plans  to  conduct  these 
tests.  Individual  subsystems,  however,  have  been  examined  analytically,  and  uo 
difficulties  were  foreseen  under  normal  operating  conditions. 

Ib  present  a  more  precise  idea  of  the  interference  probxem,  let  us 
consider  a  module  containing  one  digital  circuit.  If  the  module  is  VlO-inch 
high,  the  largest  loop  that  could  be  coupled  to  outside  magnetic  interference 
is  0.124  sq.  in.  Tb  produce  an  erroneous  signal,  the  induced  voltage  would 
have  to  be  at  least  100  mv.  This  means  that  to  cause  an  error,  the  external 
interference  would  have  to  exceed  a  dS/dt  of  0.12  gauss/sec.  These  figures  are 
based  on  causing  an  error  in  a  dJ.gltal  circuit  conpletely  contained  in  one  module. 
Of  course  the  loops  formed  on  the  printed  circuit  board  that  holds  the  modules 
coxild  be  several  times  J^ger.  Good  design  dictates  that  these  loops  should  be 
less  susceptible  to  interference  than  the  ones  contained  con^letely  within  a 
module. 

Another  discrete  component  approach,  which  is  receiving  attention, 
involves  placing  a  conplote  circuit  inside  conventional  transistor  cans  such  as 


the  TO- 5  or  TO-I8.  Veiy-smll  components  are  individually  bonded  to  a  single 
substrate  or  header.  Pine  gold  wires  are  used  to  interconnect  the  congjonents, 
and  then  the  can  is  sealed  by  welding.  Die  finished  package  is  very  slmilEu: 
to  the  standard  transistor  can,  except  that  it  has  elj^t  to  twelve  leads 
Instead  of  three.  This  type  of  \mlt  is  now  for  sale  by  several  firms  and  may 
soon  be  appearing  in  equipment. 

Placing  the  circuit  in  such  a  small  volume  makes  it  tinlikely  that 
an  erroneous  signal  could  be  Induced  in  one  of  the  internal  loops  in  the  circuit. 

It  is  doubtful  that  -Uie  largest  loop  in  this  can  has  an  area  exceeding  0.002  sq,.  in. 
Diese  circuits,  however,  must  be  interconnected  by  printed  circuit  boards  or  by 
some  similar  technique,  thereby  producing  some^rtiat  larger  loops  for  flux  linkage. 

IV.  TKEN-FUM  CIRCUIT 

There  has  been  a  very  substantial  effort  involved  in  fabricating 
all  types  of  con^nents  by  thin-film  techniques.  This  technique  has  met  with 
varying  degrees  of  success  depending  upon  the  component  involved.  Resistors 
and  capacitors  can  be  produced  accurately  and  reliably,  but  inductors,  transistors, 
and  diodes  have  not  been  successfully  produced,  fabrication  of  multilayer  passive 
structures  is  very  promising.  Numerous  thin-film  resistors  and  capacitors  can  be 
deposited  on  top  of  one  another  to  form  a  oon5)lex  multilayer  structure  and  insu¬ 
lating  layers  deposited  between  the  con^nents  provide  isolation. 

figure  5  represents  the  I6  layers  formed  coincident  with  each  other 
to  produce  a  typical  digital  circuit.  All  the  necessary  interconnections  are 
also  supplied  by  the  depositions.  The  completed  structure  is  only  a  few  mils 
thick.  This  particular  device  was  developed  under  a  Signal  Corps  program.  The 
multilayer  structure  can  be  made  small  enough  to  be  effectively  used  as  a  single 
con^Ksnent  in  the  discrete  conqranent  circuits  described  previously.  In  these  multi¬ 
layer  structures,  magnetic  coupling  is  not  much  of  a  problem  but  capacitive  cou¬ 
pling  obviously  is.  The  coupling  within  a  single  structure  is  sufficiently  large 
to  require  that  it  be  taken  into  consideration  in  the  initial  design.  The  cou¬ 
pling  between  adjacent  structures  can  be  substantial;  therefore,  care  must  be 
used  in  the  physical  layout  of  the  system. 

V.  SOLID-STATE  INTEGRATED  CIRCUIT 

The  third,  and  by  far  the  most  publicized,  microcircuit  technique 
is  the  semiconductor  solid-state  Integrated  circuit.  The  customary  definition 
of  a  solid-state  integrated  circuit  requires  that  all  the  components  of  the 
circuit  be  located  in  or  on  one  block  of  silicon.  Ry  a  series  of  diffusions  and 
depositions,  the  desired  conqwnents  are  formed  and  interconnected.  This  type  of 
construction  is  inherently  smaller  and  potentially  quite  reliable.  The  increase 
in  reliability  is  expected  due  partly  to  fewer  and  simpler  interconnections.  At 
present.  Integrated  circuits  have  two  serious  drawbacks:  The  circuit  elements 
have  loose  tolerances  because  of  fabrication  limitations,  and  the  production-line 
yield  is  low  with  a  corresponding  high  cost.  Fabrication  processes,  however,  are 
certain  to  improve  and  will  provide  integrated  circuits  with  tremendous  potential. 

Before  any  particular  Integrated  circuit  is  described,  a  brief  explan¬ 
ation  of  the  diffusion  process  would  be  helpful.  At  the  present  time  a  large 
percentage  of  the  available  diodes  and  transistors  are  made  by  diffusion- -the 
basic  process  used  to  produce  integrated  circuits.  The  process  begins  with  a 
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silicon  wafer.  First,  a  l^ar  of  silicon  oxide  is  formed  by  passing  steam  over 
the  wafer.  After  the  oxide  is  formed,  the  surface  is  coated  with  jhotoreslst. 
With  a  small  accurate  miisk,  "ttie  appropriate  areas  are  exposed  and  developed. 
Afterwards  the  wafer  is  rinsed  in  hydrofluoric  acid.  !]he  acid  does  not  attack 
the  photoresist  but  it  does  remove  the  oxide  >diere  it  is  exposed.  Once  the 
oxide  is  removed,  the  wafer  can  be  placed  in  the  diffusion  apparatus.  Bie 
material  to  be  diffused  into  the  silicon  wafers  is  placed  in  a  diffusant  boat. 

As  the  boat  is  heated,  a  vapor  is  formed  that  has  the  proper  materials,  and  the 
wafer  is  surrounded  by  this  vapor.  Die  vapor  slowly  diffuses  into  the  parts  of 
the  silicon  wafer  laid  bare  by  the  photoetch  and  acid  bath.  Ihis  is  a  relatively 
slow  process  usually  measured  in  hours.  A  diode  can  be  formed  by  a  single  dif¬ 
fusion  idiile  a  transistor  requires  two  separate  diffusions — some  types  of  tran¬ 
sistors  even  require  three.  3h  general,  two  or  three  diffusions  are  sufficient 
to  produce  typical  integrated  circuits. 

Figure  6  is  a  detailed  pict'ire  of  a  typical  NOR  circuit  in  integ¬ 
rated  form.  At  the  top  is  the  standard  circuit  drawing.  Die  circuit  in  the 
middle,  (B),  Is  exactly  the  same  as  (A);  it  is  rearranged  to  slnpllfy  the  explan¬ 
ation  of  the  bottom  circuit.  'Ihere  is  one  small  difference- -the  individual 
resistor  and  capacitor  of  (A)  have  been  changed  to  a  distributed  network  in  (B). 
Die  actual  silicon  integrated  circuit  is  represented  by  (C).  Die  large  bars  are 
composed  of  solid  silicon  an^used  as  trulk  resistors.  Die  four  round  dots  to  the 
left  are  the  input  diodes,  'idiich  are  formed  on  the  bar  by  diffusion.  A  fine  gold 
wire  connects  each  diode  to  the  appropriate  input  lead.  Just  to  the  ri^t  of  the 
diodes,  the  distributed  RC  network  can  be  seen.  Die  large  rectangular  raised 
area  is  a  silicon-oxide  layer  with  a  metal  electrode  on  its  surface  so  that  the 
result  approximates  the  distributed  network  shown  in  (b).  Just  to  the  right  of 
the  distributed  network,  there  is  a  small  rectangle.  Ihis  is  an  ohmic  contact, 
idiich  means  that  a  small  area  of  conductor  is  eilloyed  to  the  silicon  bar  to 
provide  a  good  lead  bond  at  that  point.  A  gold  wire  runs  from  this  contact  to 
the  base  of  the  transistor,  as  shown  in  (B).  Die  resistor  Rg  is  the  bulk  resis¬ 
tance  between  the  ohmic  contact  and  the  tab  at  the  bottom  labeled  (-V).  Die 
transistor  is  located  on  the  shorter  bar.  It  is  formed  on  this  bar,  and  the 
remaining  component,  Rq,  is  the  bulk  resistance  between  the  collector  of  the 
translator  and  the  tab  labeled  (+V). 

Figure  7,  another  example  of  an  integrated  circuit,  illustrates  the 
versatility  of  the  technique.  Die  standard  circuit  diagram  is  shown  in  the 
upper  left,  and  the  same  circuit  redrawn  is  shown  in  the  lower  left.  Again 
the  individual  resistor  and  capacitor  have  been  replaced  by  a  distributed 
network.  Die  model  on  the  upper  ri^t  shows  only  the  bulk  resistors.  Below 
it  is  the  completed  circuit,  including  two  transistors,  gold  wires,  and  the 
deposited  layers  forming  the  distributed  RC  network.  Diis  circuit  is  enclosed 
in  a  package,  0.250  X  0.125  inches  in  outside  dimensions.  As  fax  as  interfer¬ 
ence  is  concerned,  the  most  critical  loop  would  be  the  one  containing  the 
emitter  and  base  of  a  transistor.  In  this  circuit,  the  area  of  this  loop  is 
estimated  to  be  0.0003  in.  Dierefore,  to  induce  a  signal  of  25  mv  in  this 
loop  would  require  a  dB/dt  of  12.9  gauss/sec.  As  In  any  other  system,  these 
circuits  must  be  Interconnected,  thus  larger,  more  critical  loops  almost  cer¬ 
tainly  will  be  formed.  Diis  is  unfortunate,  but  not  too  serious.  Die  overall 
size  reduction  will  be  such  that  these  unavoidable  loops  in  an  integrated  cir¬ 
cuit  system  will  have  perhaps  only  1  ^  of  the  area  of  a  similar  loop  in  a  piece 
of  conventional  equlisnent. 
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VI.  SPECIAL  HIOT-SPEED  FROBLOiS 


Some  veiy  con5>lex  radio- frequency  Interference  problems  are  found 
In  Project  "Listening, "  a  1000-Mc  tunnel  diode  congmter  using  discrete  minia¬ 
ture  con^ponent  circuitry.  Ihis  extremely  hi^-speed  operation  with  semiconductor 
devices,  plus  the  reduced  size  of  the  equipment,  has  made  the  design  very  diffi¬ 
cult.  3iie  three  main  problem  areas  are  due  to  hl^-speed  operation.  Delays  due 
to  wire  length  are  significant  and  require  optimum  location  of  ccmiponents.  Signal- 
waveform  distortion  is  greatly  increased.  Signal  crosstalk  becomes  sufficiently 
large  to  require  shielding  a  large  psurt  of  the  wiring.  One  type  of  shielding  is 
acconqdished  by  using  a  channel  wiring  assembly  hereby  the  wires  already  covered 
by  insulation  are  placed  in  slots  (Fig.  8).  Because  the  surfaces  of  these  slots 
are  metal-plated,  the  resulting  configuration  is  virtuadJLy  a  coaxial  transmission 
line.  Ihe  circuits  are  placed  on  wafers  and  then  the  wafers  are  placed  in  the 
holder  as  shown.  Since  this  cooqniter  is  a  tunnel-diode  device,  all  con^nents 
must  be  held  to  a  tight  tolerance,  usually  1  %  Bils  requires  that,  the  trans¬ 
mission  lines  and  their  terminations  be  laid  out  very  carefully.  It  is  found 
that  a  large  part  of  the  interference  problem  is  due  to  common  ground  return 
paths.  By  designing  to  isolate  the  ground  return  paths  as  conqpletely  as  possible, 
the  electrcHnagnetlo  coupling  was  reduced  to  an  acceptable  level,  and  the  desired 
operating  speed  was  obtained. 


VII.  cmciwsioNS 

Ihere  are  several  types  of  miniaturization  not  mentioned  in  this 
paper,  one  being  the  molecular  circuit.  Its  omission  is  not  intended  to  imply 
that  it  is  not  a  promising  method,  but  the  ones  described  are  much  nearer  to 
the  hardware  stage.  Also,  each  of  the  three  types  of  circuits:  discrete 
conq)onent,  thin-fllm,  and  solid  circuit,  is  not  exclusive,  i.e.,  these  types 
may  be  used  separately  or  combined  to  produce  equipment. 

In  conclusion,  considering  interference  effects,  it  can  be  stated 
that  most  mlniattu-ized  equipments  appear  to  be  less  susceptible  to  external 
radio-frequency  Interference  than  their  full-size  equivalents.  Ihis  is  basic¬ 
ally  due  to  the  smaller  areas  and  volumes  available  for  coupling  and  the  rela¬ 
tive  ease  with  idiich  smaller  volumes  can  be  shielded.  Miniaturized  circuits, 
however,  will  operate  at  lower  power  levels  and  thereby  forfeit  part  of  the 
advantage  gained  by  their  small  size. 
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INTERFERENCE  EFFECTS  IN 
PARAMETRIC  AMPLIFIERS 


M.  L.  Wright 

Airborne  Instruments  Laboratory 
Melville,  L.I.,  N.Y. 


Abstract .  -  This  paper  presents  an  Interference  analysis  for  the 
one-port  difference-frequency  parametric  amplifier  and  the  results 
of  Interference  measurements  on  both  a  microwave  and  an  audio 
frequency  one-port  amplifier.  Sa.turatlon,  Intermodulatlon,  cross 
modulation,  desensltlzatlon  and  problems  peculiar  to  parametric 
amplifiers  are  analyzed  and  discussed. 

I .  INTRODUCTION 

During  the  past  few  years.  Increasing  numbers  of  para¬ 
metric  amplifiers  of  many  types  have  been  used  as  low  noise  ampli¬ 
fiers  In  receivers.  Their  use  has  brought  Increased  system 
sensitivity  to  weak  signals  and  has  generally  reduced  noise  levels 
to  a  point  where  external-device  losses  are  significant. 

The  advantage  of  Increased  signal  sensitivity  provided 
by  these  amplifiers  could  be  negated  by  a  vastly  Increased 
susceptibility  to  Interference.  Although  weaker  signals  could 
be  received  they  may  be  masked  by  a  high  level  of  Interference 
generated  In  the  amplifier.  Previous  Interference  Investigations 
have  been  limited  to  saturation  effects ^  in  parametric  amplifiers. 

It  is  the  purpose  of  this  paper  to  present  the  results  of  an 
analysis  and  measurements  of  additional  nonlinear  interference 
effects  such  as  cross  modulation,  Intermodulatlon  and  desensltl¬ 
zatlon.  The  analysis  and  measurements  are  for  a  one-port  difference- 
frequency  configuration,  but  the  methods  used  here  can  be  applied 
to  other  types  as  well. 

It  should  be  emphasized  that  the  measurements  made  here 
are  on  amplifiers  In  current  use  and  do  not  represent  optimum 
conditions  for  Interference  suppression. 

II.  PARAMETRIC  AMPLIFIER  ANALYSIS 
Parametric  Amplifier  Operation 

At  present  many  different  types  of  parametric  amplifiers 
exist  but  only  a  few  are  in  general  use.  The  electron  beam  ^  and 
multiple  diode  types  3  have  specific  advantages  and  applications; 
however,  the  single  diode  parametric  amplifier  seems  most  popular. 

In  single  diode  configurations  ^  the  one-port  difference-frequency 
mode  appears  to  be  the  most  widely  used  and  Is  the  mode  of 
operation  discussed  In  this  paper.  Sum  frequency  and  two-port 
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difference-frequency  modes  are  used,  but  appear  to  have  no 
advantages  except  for  some  specialized  applications. 

The  one-port  difference-frequency  aunpllfler  5  has 
identical  Input  and  output  frequencies  and  exhibits  gain  due 
to  a  negative  resistance  effect.  Because  the  amplifier  has 
only  one  port  a  circulator  Is  normally  used  to  provide  separate 
input  and  output  terminals.  For  this  paper  such  devices  are 
considered  as  being  external  to  the  amplifier  although  they  are 
nonnally  Included  in  the  amplifier  package. 

The  amplifier  port  of  the  circulator  can  be  considered 
as  being  teimilnated  In  a  load  -Z^  and  the  voltage  gain  Is  then 
given  by  the  reflection  coefficient. 


-Zl)  -  Zq  ^  Zl  +  Zq  (X) 

-Zl)  +  Zq  Zl  -  Z 


which  Is  greater  than  one.  As  shown  below,  the  negative  resis¬ 
tance  effect  occurs  as  a  result  of  positive  resistance  loading 
at  a  frequency  higher  than  the  signal. 

Small  Signal  Theory 

The  usual  small  signal  theory  ^  considers  the  varactor 
as  a  time- varying  capacitance  at  the  pump  frequency.  In  order  for 
this  to  hold,  the  pump  must  be  the  only  large  signal  present.  In 
this  analysis  all  frequencies  are  applied  to  a  nonlinear  Q  vs.  v 
curve,  and  each  voltage  may  take  on  any  amplitude.  This  method 
Is  less  accurate  for  small  signal  conditions  but  the  use  of  large 
signals  is  moi'e  easily  handled. 


A  voltage  variable  capacitance  diode  or  varactor  can 
be  assumed  to  have  a  charge  vs,  voltage  characteristic  represented 
by  a  power  series  such  as 


Q  =  qo  +  + 


(2) 


The  voltage  v  Is  the  sum  of  the  voltages  that  exist  at  the  diode 
terminals.  (Only  three  frequencies  are  conslderred  here  but  to 
be  consistent  with  later  sections,  which  Include  more  frequencies, 
the  subscripts  2,  7  and  9  are  used.)  For  this  analysis  a  signal 
frequency  W2,  an  Idler  frequency  wy  and  a  pump  Wg  are  of  Interest 
aad  ^  ^  , 

jW2t  -  JWpT/  JV/vV  *  ■'jWyU 

V  ^  V2e  +  '  + 
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where  =  I  |  and  Vn  =  I  | 

2  2 

Substituting  (3)  Into  (2)  and  equating  the  result  to  a  sum  of 
charge  variations  at  the  frequencies  of  Interest 

Q  =  q2eJw2t+  q*e-J^2t+  .  .  .  .  +  q*e“‘’"9^  (4) 

gives  equations  for  sinusoidal  charge  variations  at  these  fre¬ 
quencies.  Differentiating  these  equations  with  respect  to  time 
and  neglecting  products  of  small  signals  gives  equations  for 
signal  currents  In  terms  of  voltages. 


Ig  =  Jw2(av2  +  bvqv;^)  =  '^22''^ 2  ^  ^27'^7  (S) 


ly  =  -Jwy(avy  +  bvgVg)  —  Yyy^y  ^72^2  (6) 


These  equations  suggest  a  shunt  representation  of  the  varactor 
with  various  Y  equivalents  as  shown  above. 

Equations  (5)  and  (6)  can  be  used  to  determine  the 
normal  operation  of  the  amplifier.  The  signal  current  may  be 
found  by  substituting  (6)  Into  (5), 
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"^X2^2 


(7) 


where 


^Xn 


Input  current  generator  at  w^^ 
^On  "  "^Xn'n 

external  admittance  at  w^^ 


The  midband  voltage  gain  is : 


K 


V 


Vp 


G, 


neg 


'x2 


where  G^^gg 


2 

WgWyb  Vc 


(8) 


The  Gneg  term,  describing  trie  negative  conductance  of 
the  amplifier,  depends  on  a  frequency  conversion  factor  wpwyb^yg^ 
and  th.e  external  idler  leading  G^^- .  Unless  otherwise  noted, 
all  calculations  and  measurements  were  made  at  20  db  piower  gain 
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where  Gneg/®x2  ~  0"9. 
Gain  Change  Effects 


Prom  Equation  (8)  It  Is  apparent  that  the  gain  Is 
determined  by  the  difference  between  unity  and  Gneg  Gx2  which, 
under  high  gain  conditions.  Is  almost  one.  Under  these  con¬ 
ditions  small  changes  In  Gneg  oi*  ^x2  will  cause  large  changes 
In  gain.  Differentiating  (Sj  with  respect  to  Gjj.2  we  obtain  the 
Incremental  change  In  gain 


A  Ky  _  ^  AGx2 

"XT 


(9) 


This  change  In  gain  Is  assiimed  to  be  caused  by  changes  In  the  real 
part  only  of  although  a  similar  expression  can  be  obtained  for 
complex  changes. 


The  gain  can  be  changed  also  by  changes  In  Gj^gg  as  well 
as  the  external  loading.  This  term  can  be  changed  In  several  ways, 
all  of  which  Involve  higher  order  terms  than  are  present  In  equa¬ 
tions  (5)  and  (6)  which  were  used  to  derive  the  small  signal  gain. 
In  order  to  examine  these  terms  and  their  effect  on  the  amplifier, 
additional  frequencies  must  be  assumed  to  exist  at  the  varactor. 


Nonlinear  Amplifier  Operation 

In  order  to  predict  the  amplifier  behavior  with  many 
frequencies  present,  the  Interactions  between  all  signals  must 
be  calculated.  This  can  be  done  by  assmnlng  that  more  frequencies 
exist  at  the  diode  and  then  computing  the  effect  of  these  addi¬ 
tional  frequencies  on  the  amplifier  behavior. 


Nine  frequencies  will  be  assximed  to  exist  at  the  varactor 
and  their  spectrum  Is  show’n  In  Figure  1.  Frequencies  w^  through 
W4  are  assumed  to  be  within  the  signal  passband  of  the  amplifier 
and  W5  through  wg  are  the  corresponding  idlers  where  Wj^^jjgj,  = 

'^pump  ■  Wgignal.  The  piunp  frequency  is  again  wg .  Within  the  signal 
passband  W2  and  wg  are  considered  as  Input  or  applied  signals  and 
wi  and  wj^  are  products  generated  In  part  by  the  mixing  of  W2  and 
wg.  These  frequencies  and  w^^  will  be  needed  In  a  later  section 
and  are  Included  here  for  convenience.  The  voltage  v  In  equation 
(2)  Is  now  the  sum  of  the  nine  frequencies  w^  through  w^ . 

Jwnt  ♦  -Jwjt  *  -jwqt 

V  -  Vie  +  v^e  +  .  .  .  .  Vge 
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Substituting  (lO)  into  (2)  only  up  to  the  cube  term,  collecting 
terras  and  differentiating  as  before  gives  us  equations  as  follows. 


Il 

=  Jwi 

(a 

+  cv^^) 

Vi  + 

bVgVg 

+  c(v2V2  + 

V6V7)  VgJ 

1  (11) 

=  ^11^: 

1  + 

^18^8  + 

^12^2 

"2 

=  JWg 

(a 

+  cv^2) 

V2  + 

(feVg  + 

CV3V6)  v;^. 

(12) 

=  Y22V. 

2  + 

^27^7 

= 

(s 

L 

L  +  CV^2) 

v^  + 

(bv*+ 

cv*vg)  Vg 

1 

(13) 

-  Y^^v*  + 

Y72V2 

Ig  =-Jw8  (a  +  cv^^N  yg  ^  bvgv^  +  cCvgv^  +  vgvp 


-  ^88^8  + 


(14) 


P  p  p  Q 

where  + 


+  V. 


^Q^stions  (12)  and  (13)  now  include  higher  order  terms 
neglected  in  v5)  and  (6).  With  these  equations  we  can  calculate 
the  change  in  G^ieg  4o  the  applied  signals. 


interest  to  note  that  (l2)  and  (13)  reduce  to 
and  (,0;  when  all  voltages  are  small  compared  to  the  pump  voltage, 
it  is  only  when  the  signal  or  idler  voltages  become  comparable  to 
the  pump  voltage  vg  that  they  change  the  operation  of  the  device. 
Under  this  condition,  the  Y's  should  not  be  considered  as  admittances 
but  only  as  convenient  substitutions  for  which  the  true  nonlinear 
expression  must  finally  be  used. 


„  desired  signal  V2  is  assumed  small  and  vo,  an 

interfering  signal,  is  assumed  comparable  to  Vg,  G^eg  becomes 


neg 


=  W2W.,(b^Vq^  +  2i)cv^v^v^  +  c^v^^v^^) 


=  W2W.^b2vg2 


r 


'3  ''6 

2  2  4  -r 


1  +  ''3 


(15) 

( 16) 


-  bZl  . 


^  ^2  2 
^  WgW^b  Vg 


2cPvo 
1  + - 


bv. 


9  J 


-  Q-neg  +  ^‘^neg 


(17) 


where  P  =  T^,'1.1.9.y.. .  =  ^9~n 

^signal 


Differentiating  (8)  with  respect  to  Gneg  gives  the  following  Incre¬ 
mental  change  In  gain. 


45i 

Kv 


AG, 


neg 


G 


x2 


Under  high  gain  conditions  G^2  ~  ®neg  [ 


AK^ 

Kv 


A Gneg  _  V 


2cPV' 


bv^ 


K. 


(18) 


(19) 


This  change  In  voltage  gain  depends  on  the  operating  gain  and 

which  Is  a  measure  of  the  Interfering  power  at  wo.  This  change 
In  gain  Is  normally  called  desensltlzatlon.  It  Is  the  change  In 
gain  at  one  frequency  due  to  the  presence  of  a  large  signal  at 
another  frequency.  If  wp  and  w^  are  CW  signals  equation  (19)  Is 
consistent  with  this  definition. 

Assume  for  the  moment  that  W3  Is  a  100^  square  wave  modu¬ 
lated  signal  and  that  the  amplifier  bandwidth  is  sufficient  to  pass 
the  modulation  frequency  sidebands.  Under  these  conditions  the 
output  signal  at  wg  will  be  decreased  by  an  amount  AK^/K  whenever 
Vo  is  applied.  Since  Vo  Is  a  modulated  signal,  this  modulation  will 
depend  on  the  magnitude  of  AK^/K^.  This  modulation  of  a  desired 

signal  by  a  modulated  Interfering  signal  Is  called  cross  modulation 
and  it  Is  useful  to  think  of  this  cross  modulation  as  a  time- 
varying  desensltlzatlon.  In  this  manner,  a  single  device  charac¬ 
teristic  can  be  applied  to  two  Interference  phenomena. 

Modulated  signals  are  normally  described  by  an  average 
amplitude  and  a  modulation  index  rather  than  by  a  peak  amplitude 
and  a  change  from  that  peak.  Alternatively,  If  the  Interfering 
signal  has  an  average  value  of  v^  and  a  modulation  Index  of  m, 

the  normalized  average  value  of  Vg  Is 


v;  =  1  -  P(v;)^  (1  +  m^) 

c.  ^ 


and  the  modulation  Index  of  M  of  vi  Is 


(pn) 


-  628  - 


(21) 


M  =  2Pm  (v^)^ 

By  the  use  of  (20)  and  (2l),  It  is  possible  to  convert  from  peak 
values  to  quantities  commonly  used  to  describe  modulated  signals. 
In  either  case,  the  quantity  F  is  Important  in  determining  the 
amount  of  Interference  that  will  be  produced  under  a  given  set  of 
conditions . 

If  in  equation  (l2)  and  (l3)  all  voltages  are  assumed 
small  except  for  V2,  Vj,  and  Vg  the  amplifier  behavior  for  large 
input  signals  can  be  derived  by  replacing  v^^  by  its  parts.  Sub¬ 
stituting  as  above  and  collecting  terms,  equations  (l2)  and  (l3) 
become 

I2  =  jw2  (a  +  CV2^)  V2  +  jW2  (bvg  +  cv2Vy)  Vy  (22) 

=  Y22V2  +  Yg^Vy 


I|  =  -jw.^  (a  +cv^2)  V*  (bv^  +  cv*v.^)  Vg  (23) 

=  Y'j'jW'j  +  ^^2^2 

Under  raidband  conditions  and  neglecting  detuning  effects 
the  gain  expression  is  identical  to  the  small  signal  gain,  equation 
(8),  derived  previously.  In  this  case, 

2  2  r  2cPV2^  c2p2v2^^ 

Seg  =  ^9"  ^  ^  (24) 

=  W2WYb2vg2  1  +  Pv2^  +  (  ■§  )^  V2^  (25) 

where  F  =  as  in  equation  (19) 


Note  that  the  same  factor  P  occurs  in  (29)  as  well  as 
(19)  and  that  equation  (19)  also  describes  the  onset  of  a  loss  in 
gain  due  to  large  signals.  This  loss  in  gain  is  called  saturation, 

The  factor  P  is  seen  to  enter  into  expressions  for  desen- 
sitlzatlon,  cross-modulation  and  saturation,  and  it  is  convenient 
to  use  the  basic  quantity  F  as  a  figure  of  merit  for  interference' 
effects  involving  changes  in  gain.  In  this  case  a  small  number  F 
Is  desireable  and  represents  a  greater  tolerance  to  Interference. 
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Parametric  Amplifier  Intermodulatlon 

From  equation  (ll),  the  Intermodulatlon  (IM)  Is: 

=  Yiivi  +  +  Y12V2  =  -ViYxi  (26) 

Substituting  for  the  necessary  Idler  terms  and  rearranging, 
equation  (26)  becomes: 

7777TT^I?5r“ 

'‘xl  ^  ni  -Y7K 


^  ^  ^ 

where  Y^g  =  ^gg  +  Y^g 

t7  "  77  x7 

Note  that  an  equivalent  amount  of  IM  would  be  produced  at  the  out¬ 
put  If  an  effective  IM  generator  of 

,  ^18^87^72 

^01  “  ^2  ^^12  ■*'  Y^*  Y^g  ) 

were  connected  to  the  Input.  Because  this  source  Is  approximately 
Independent  of  the  amplifier  gain  and  frequency  response,  It  will 
be  used  as  a  measure  of  the  Intermodulatlon  performance  of  the 
amplifier. 

Assuming  all  frequencies  are  subject  to  midband  conditions, 

/  r*  *  .  1  W-,  WoWr^bb^Vn  lc(voV^+  v^vi)"I  \ 

loi  -  JV2  (»io  [vgvj  +  vg»^  j  -  ^  T  y  9  1-.  ^  ^ — ll-J ) 

t7  t8  ' 

=  jv^w^c  (V2V3+  VgV.^)  (  1  -  7  8  9_  ] 

t7  t8 

2  (29) 

=  JVg^v^Wj^C  (1  +  P“) 


Note  that  this  expression  is  of  the  form  IM  =  Kv-,  Vo"^  and  that  the 
effect  of  Intermodulatlon  at  Idler  frequencies  can‘“be  Included  by 
the  factor  ^  p2)2 
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The  Intermodulation  expression  (20)  assumes  that  all 
signals  are  under  midband  conditions.  In  most  normal  Interference 
situations,  the  midband  conditions  do  not  apply  and  the  above 
expression  should  be  considered  as  specifying  the  maximum  inter- 
modulatlon  that  a  particular  amplifier  may  generate.  The  actual 
value  of  Intermodulatlon  will  generally  be  lower  than  the  calcu¬ 
lated  value. 


III.  INTERFERENCE  MEASUREMENTS 

The  results  of  measurements  on  two  one-port  parametric 
amplifiers  will  be  presented  here.  One  Is  a  microwave  amplifier 
operating  at  l400  me  with  an  X-band  pump.  The  other  Is  a  low 
frequency  prototype  of  the  microwave  amplifier  and  has  the  same 
equivalent  circuit  as  Is  assumed  for  the  microwave  amplifier, 
except  for  component  values.  This  amplifier  was  constructed  to 
facilitate  some  of  the  measurements  required  for  Interference 
prediction.  This  low  frequency  amplifier  operates  at  l400  cps 
with  a  pump  and  Idler  of  l8.2  and  l6.8  kc  respectively.  For  the 
more  Important  types  of  interference  both  amplifiers  were  measured 
but  for  some  effects  only  the  more  appropriate  one  was  used. 

Load  Sensitivity 

A  measurement  was  made  of  the  sensitivity  of  the  low 
frequency  prototype  amplifier  to  changes  In  external  load  and  the 
results  are  shown  In  Figure  2.  This  figure  shows  the  expected 
behavior  as  predicted  by  equation  (9),  with  the  load  sensitivity 
becoming  greater  with  Increasing  gain. 

Cross  Modulation  and  Desensltlzation 

Although  cross  modulation  and  desensltizatlon  arise  from 
the  same  soui’ce,  the  measurement  of  each  effect  will  generally  be 
different.  The  microwave  amplifier,  with  a  bandwidth  of  15  me, 
is  capable  of  passing  all  necessary  sidebands  of  some  commonly 
used  modulation  frequency.  (lOOO  cps  used  here.)  For  this  ampli¬ 
fier  a  measurement  of  cross  modulation  Is  more  sensitive  and 
accurate  than  desensltizatlon  and  will  be  shown  here . 

Figure  3  shows,  as  a  function  of  frequency,  the  amount 
of  100^  square  wave  modulated  Interfering  power  required  to  pro¬ 
duce  a  level  of  either  1^  or  10^  modulation  on  the  desired  signal. 
The  groups  of  lines  for  1^  and  10^  modulation  represent  different 
desired  signal  input  levels  and  the  cross  modulation  Is  seen  to  be 
relatively  unaffected  by  the  desired  signal  level.  The  cross 
modulation  does  depend  on  the  interfering  signal  level  and,  as 
can  be  observed  from  Figure  3,  the  Interfering  signal  power  required 
for  10^  modulation  is  10  times  btiat  x-equlred  to  produce  1%  modula¬ 
tion.  This  Is  the  behavior  that  is  predicted  by  equation  (19). 

The  cross  modulation  as  a  function  of  Interfering  signal  power 
was  measured  at  a  single  frequency  for  values  of  CM  from  ,1^  to 
50^  and  the  relation  Indicated  by  equation  (19)  holds  quite  well 
over  this  range.  The  variation  of  CM  with  frequency  shown  In 
Figure  3  is  caused  by  the  varying  attenuation,  with  frequency, 
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The  low-frequency  amplifier,  with  only  a  12  cps  band¬ 
width,  would  require  the  use  of  very  low  modulation  frequencies 
in  measuring  cross  modulation.  For  this  reason,  and  also  because 
the  short  term  amplitude  stability  of  this  amplifier  is  quite 
good,  the  CW  desensitization  was  measured  instead  of  the  cross 
modulation.  The  amplifier  stability  was  such  that  changes  in 
gain  of  1^  could  be  measured.  The  variation  of  gain  with  inter¬ 
fering  signal  power  is  shown  in  Figure  4.  The  "2  for  l"  behavior 
holds  well  for  changes  in  gain  up  to  about  8  db. 

Saturation  Measurements 


The  saturation  characteristic  of  the  low-frequency 
amplifier  is  shown  in  Figure  5.  This  amplifier  saturates  about 
20  db  lower  than  most  mlcx’owave  amplifiers  due  to  the  small  pump 
voltage  required  to  produce  gain.  However,  the  behavior  of  this 
amplifier  is  representative  of  that  obtained  with  other  amplifiers 
which  saturate  at  higher  levels. 

Intermodulation  Measurements 


Intermodulation  measurements  were  made  on  both  the 
microwave  and  the  low-frequency  amplifiers.  In  both  cases,  the 
generated  intermodulation  product  power  levels  are  measured  as 
functions  of  the  two  Interfering  signal  power  levels.  In  all  IM 
measurements,  the  functional  behavior  of  the  IM  output  power  is 
as  predicted  by  equation  (29).  This  equation  can  be  expressed 
in  teimis  of  power  Inputs  and  outputs  as 


^IM  ~ 


"l  + 


^^2  ^IM 


(30) 


The  P's  are  In  DBM  and  are  to  be  added  munerlcally  (not  as  powers), 
with  P2  the  Interfering  signal  closest  to  the  intermodulation 
product  in  frequency  and  P^  the  other  interfering  signal.  If  the 
Intermodulation  constant  Cjjvj  is  In  DBM  also,  the  IM  power  output 

PiM  will  be  In  DBM.  An  example  of  this  behavior  is  shown  in 
Figure  6  for  the  low  frequency  amplifier.  The  constant  is 
+80  DBM  in  this  case  and  equation  (30)  can  be  used  to  predict  the 
DM  power  output  for  any  non-saturated  region.  For  example,  if 
:.=  -50  DBM  at  fa  and  P2  =  -50  DBM  at  fb,  Pjjy[  =  -50  +  2  (-50) 

+  80  =  -70  DBM.  This  is  the  value  shown  in  Figure  6.  The  calcu¬ 
lated  value  of  is  85  DBM  and  is  higher  than  the  measured  value, 
as  expected. 

The  results  of  IM  measurements  on  the  microwave  amplifier 
are  shown  in  Figures  7  and  8.  In  both  measurements,  the  IM  pro¬ 
duct  is  at  the  center  of  the  passband  and  one  input  signal  is  out¬ 
side  the  band.  In  Figure  7,  the  other  input  signal  is  in  the  ampli¬ 
fier  passband  and  is  40  DBM.  When  the  second  interfering 
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signal  is  placed  outside  the  band  the  Inte modulation  constant 
drops  to  33  DBM.  This  Is  indicative  of  the  increased  attenuation 
of  this  Interfering  signal  as  It  moves  further  from  the  amplifier 
passband.  A  series  of  measurements  were  made  In  which  allowances 
were  made  for  amplification  and/or  attenuation  of  all  signals 
present,  and  the  results  of  these  measurements  show  that  under 
these  conditions  Is  a  constant.  The  use  of  a  fictitious  IM 
Input  generator  In  the  analysis  is  thus  justified  by  the  measure¬ 
ments  . 

Interference  Peculiar  to  Parametric  Amplifiers 

Perhaps  the  most  serious  interference  problem  generated 
by  a  parametric  amplifier  Is  pump  power  leakage  from  the  signal 
port.  Typical  measured  pump  power  outputs  range  from  approxi¬ 
mately  +5  DBM  to  -30  DBM  depending  on  frequency  and  the  specific 
configuration  used.  In  many  cases  this  can  cause  considerable 
Interference  to  nearby  equipment  if  this  source  of  RP  power  Is 
unknown  to  the  user.  Devices  to  suppress  this  Interference  have 
been  built  Into  circulators  specifically  developed  by  A.I.L.  for 
use  with  parametric  amplifiers  and  a  pump  leakage  reduction  of 
20  db  has  been  obtained  over  wide  frequency  ranges. 

A  potential  Interference  problem  within  the  amplifier 
is  the  generation  of  false  signal  frequency  outputs  due  to  mixing 
of  the  pump  with  Inputs  near  the  Idler  or  sum  frequencies.  This 
effect  is  similar  to  Intermodulation  but  Is  caused  by  input 
frequencies  well  above  the  signal  frequency.  The  microwave 
amplifier  design  used  here  has  an  inherent  rejection  of  Input 
signals  in  this  frequency  range  and  the  measured  Interfering 
signal  output  was  small  (<  -80  DBM)  even  with  high  level  (o  DBM) 
Inputs.  The  Interference  reducing  circulator  described  above 
also  attenuates  Interference  of  this  type  by  attenuating  the 
Interfering  signals  before  they  reach  the  amplifier. 

IV.  CONCULSIONS 

The  Interference  characteristics  of  one-port  parametric 
amplifiers  can  be  summarized  by  restating  their  calculated  behavior 
as  described  in  equations  (8),  (9),  (19),  (25),  and  (29).  Each 
equation  predicts  a  certain  interference  behavior  with  varying 
inputs  and  contains  constants  which  determine  the  absolute  level 
of  the  generated  Interference.  The  experimental  evidence  agrees 
quite  well  with  the  predicted  variation;  fiowever,  the  absolute 
interference  amplitudes  agree  only  approximately  with  the  calcu¬ 
lated  values.  In  many  cases,  the  calculated  value  is  adequate 
for  practical  use  in  determining  Interference  although  It  Is 
only  approximate  (+  5  db).  For  Intermodulation  the  calculated 
value  Is  the  maximum  which  should  be  encountered  and  the  actual 
Interference  should  be  less  severe.  The  reason  for  the  difficulty 
In  calculating  the  Interference  constants  lies  partly  in  the 
original  Q  vs.  v  approximation.  The  power  series  In  equation  (2) 
does  not  converge  as  rapidly  as  is  deslreable,  and  higher  order 
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terms  maj''  contribute  a  significant  error. 

A  practical  difficulty  encountered  In  microwave 
amplifier  Interference  measurements  is  the  uncertainty  of  the 
relation  between  diode  voltage  and  input  power  at  the  frequencies 
of  Interest .  The  Interference  Is  determined  by  the  Interfering 
voltages  at  the  diode  but  only  the  available  Input  power  is  known. 
The  methods  used  to  determine  the  diode  voltages  from  the  Input 
power  are  usually  Indirect  and  are  sometimes  subject  to  consider¬ 
able  error. 


The  interference  problems  in  parametric  amplifiers,  and 
also  In  many  other  devices,  can  be  roughly  divided  Into  two  types: 

1.  gain  change  effects. 

2.  generation  of  additional  frequencies. 

It  has  been  shown  that  the  same  amplifier  parameters  are  involved 
In  all  gain  change  effects  discussed  and  a  different  set  of 
parameters  can  be  used  to  describe  the  generation  of  one  particular 
additional  frequency.  It  would  be  convenient  if  these  or  similar 
parameters  could  be  used  as  figures  of  merit  for  Interference 
effects.  This  would  facilitate  the  comparison  of  different 
amplifiers  and  enable  comparison  with  similar  types  of  devices 
such  as  traveling  wave  tubes.  Eventually,  such  figures  of  merit 
could  become  part  of  the  specification  of  the  device  along  with 
gain,  bandwidth  and  other  param.eters. 
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FREQUENCY  SPECTRUM  AT  VARACTOR  TERMINAL 
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FIGURE  3  CROSS -MODULATION  MEASUREMENTS 
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LOW-FREQUENCY  PARAMETRIC-AMPLIFIER  TRANSFER 
CHARACTERISTIC 


Fig.  6  INTERMODULATION  RESPONSE 
FOR  LOW-FREQUENCY  AMPLIFIER 
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INTERMODULATION  RESPONSE  DUE  TO  ONE  SIGNAL  IN 
BAND  AND  ONE  SIGNAL  OUT  OF  BAND 
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BOTH  SIGNALS  OUT  OF  BAND 
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Abstract.  -  Maser  amplifiers  exhibit  unusaal  interference 
characteristics.  On  a  study  program  currently  in  progress  these 
characteristics  are  being  Investigated  analytically  and,  within 
the  limits  of  available  maser  equipments,  experimentally.  To 
date  some  interesting  results  have  been  obtained.  Among  those 
discussed  in  this  paper  are  (1)  saturation  and  dynamic  range 
characteristics  which  are  a  function  of  the  duty-cycle  of  the 
input  signal^  (2)  inherently  long  maser  gain  recovery  time  after 
saturation,  (3)  cross-modulation  characteristics  \vhich  are  pre¬ 
dictable,  (4)  the  absence  of  Intemaodulation,  and  (3)  pre  ‘  '-.able 
gain  stability.  Extensive  experimental  interference  data  ootained 
on  an  S-band  maser  shows  close  correlation  xjlth  the  analytical 
results. 

I.  BITRODUCTION 

The  extremely  low-noise  character  of  the  maser  r-f 
preamplifier  leads  sysberas  men  and  receiver  engineers  to  consider 
using  this  device  in  nex;  receiving  systems.  In  todays  electro¬ 
magnetic  environment  this  choice  may  or  may  not  be  wise  depending 
upon  the  specific  maser  properties  included  in  the  generic  classi¬ 
fication,  interference  characteristics.  Generally  speaking  this 
classification  Includes  any  maser  property  (for  example,  gain 
stability,  saturation  level  and  intermodulation)  which  is  a  potential 
source  of  interference  in  an  adverse  electromagnetic  environment. 
This  paper  discusses  the  interference  characteristics  of  the  travel¬ 
ing-wave  type  of  maser  (TW’M).  The  earlier  maser  type,  the  cavity 
maser,  has  been  succeeded  by  the  TV7-typo  which  exhibits  far  superior 
electrical  performance.  There  is  nothing  lost  by  the  emission  of 
the  cavity  maser. 

An  adequate  preliminary  discussion  of  maser  theory 
would  be  far  too  lengthy  for  inclusion  in  this  paper.  As  a  compro¬ 
mise,  the  author  refers  the  readers  to  several  excellent  rofer- 
ences^>2, 3>4>5 ,  in  addition,  all  analytical  effort  is  a  simple 
nature . 

II,  ANALYSIS 


Pass  Band 

It  is  possible  to  calculate  the  Instantaneous  ampli¬ 
fication  bandx-zidth  of  the  Tl-.'M,  DeGrasse,  Schulz-DuBols  and 
Scovil5  express  the  electronic  gain  of  a  T'.Jil  as 

Gb  =  -27.3  X"  P  f/,  (1) 

Vg 


where 

=  imaginary  component  of  the  magnetic  susceptibility 
for  magnetic  fields  with  positive  circular  polari¬ 
zation, 

=  filling  factor  for  magnetic  fields  vrith  positive 
circular  polarization. 
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and  consequently 


X"{f)  =  Kg(f  -  f^) 

where 

g(f  -  f  )  =  function  that  describes  the  frequency 

variation  of 

We  are  mainly  concerned  with  g(f  -  fo)>  which  describes  the 
line  shape  of  the  maser  material  and  determines  the  shape  of 
the  instantaneous  amplification  bandv/idth  of  the  Tl’JM,  (This 
assumes  that  no  artificial  means,  such  as  stagger  tuning,  have 
been  used  to  increase  this  bandwidth.)  If  one  makes  the  usual 
assumption  that  the  line  shape  of  the  maser  material  is  Lorentzian, 
then  DeGrasse  et.al,  show  that 


where 

B  =  bandwidth  of  the  maser  material 
m 

It  should  be  recalled  that  the  net  maser  gain,  G(db)»  equal 
to  the  electronic  gain  of  the  maser  material,  Ge(db)»  the 

losses,  in  the  slow-wave  structure.  Introducing  the 

frequency-variable  terra  into  the  gain  expression,  we  find 


when  f  -  fg, 

^o(db)  =  ^>e(db)  "  ^o{db) 

We  can  solve  for  the  3-db  bandvridth  as  a  function  of  and  Gg 
by  letting  G^^  =  -3. 


This  relation  is  the  same  as  that  obtained  in  reference  5. 
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Saturation  Level  Transfer  Chai’acteristic  and  Desensitization 
The  character  of  maser  'saturation  is  evidont  in 
the  expression^ 

%  /  _  %I6  -filPl-  (4) 

"^IDL  /jld 


where 

Tgig  =  signal  teraperature  in  degrees  K 

Tq  =  maser  bath  temperature  in  degrees  K 

Tg^g  =  signal  relaxation  time 

Tj_di  =  idler  relaxation  tiitie 

Wgj^g  =  signal  transition  probability 

f  =  frequency 

Gain  saturation  in  a  Tl^M  occurs  when 

’■'^sig  ^i.e:  ndi 

^sig  '^idl 

becomes  significant  compared  to  unity,  ¥e  know  that  the  signal 
transition'’probability ,  Wg^_,  is  a  linpar  function  of  the  squared 
magnetic  field  at  the  signal  frequency'-^,  Tims  saturation  is  a 
direct  function  of  average  power  and  duty-cyclo. 

Dr,  Butcher^  has  calculated  the  absolute  input  powor 
level  in  a  Tlfli  which  produces  a  prescribed  degree  of  saturation  or 
a  specific  reduction  in  gain.  In  terms  appropriate  to  a  Tl/M  and 
its  slow-wave  structure  Dr,  Butcher  finds 


vfhore 

=  small  signal  gain 
G^  =  lai’ge  signal  gain 

1_  =  ^  -  1  =  the  net  quality  factor  of  the  periodic 

^^c  ^0  ‘3^1  resonatoi’s  in  the  presence  of  the  active 

maser  material 

Q,q  =  quality  factor  of  the  periodic  resonators  in  tho 
absence  of  the  active  material 
(1,^  =  tho  magnetic  quality  factor  of  the  active  maser 

material 

and  in  tho  rlliS  system  of  units, 

^  T,,  (l-rf>r,)DG^,%  (6) 
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where 

V  =3  group  velocity  in  elo^^-wave  structure 

O 

V  =  volume  of  active  maser  material 
c 

B  s=  Bohr  magneton 

h*  *=  Planck*  s  constant,  h,  divided  by  2 
N  =  filling  factor  of  maser 

~i3  ~  spin-lattice  relaxation  time  for  signal  transition 
T2s  =  ^sig  “  spin-spin  relaxation  timo  for  sigial  transition 
rp  =  Overhauser  parame-HoT.  for  the  pump  transition 
r  es  Overhauser  parameter  for  the  signal  transition 

D  =  period  of  the  slow-wave  structure 

0^  =  small-signal  gain 

Uq  =  permeability  of  free-space 

Thus  using  Dr,  Butchers  expressions  for  gain  saturation  in  a  Mi, 
one  can  accurately  predict  the  absolute  input  power  level  which 
produces  any  prescribed  degree  of  gain  saturation. 

Intermodulation  and  Cross -Modulation 

An  interesting  property  of  maser  amplifiers  is  the 
absence  of  Intermodulation,  The  absence  of  intermodulation  does 
not  imply  the  absence  of  cross-modulation;  in  fact,  maser  ampli¬ 
fiers  do  exhibit  predictable  cross-modulation.  The  apparent 
contradiction  is  attributed  to  a  basic  principle  of  maser  operation 
that  saturation  is  based  on  average  power,  f(v2),  rather  than  peak 
voltage. 

Suppose  we  consider  the  cause  of  saturation  in  RP 
amplifiers  and  mixers;  in  every  case,  active  elements  are  involved- 
that  is,  vacuum  tubes,  transistors,  crystals,  klystrons,  and  tunnel 
diodes— and  saturation  occurs  when  the  input  signal  voltage  exceeds 
the  linear  portion  of  the  element* s  E-I  characteristic.  This 
nonlinearity  in  the  transfer  characteristic  is  the  source  of  inter¬ 
modulation  and  cross -modulation,  as  well  as  saturation. 

The  maser  amplifier  cannot  be  described  by  an  E-I 
characteristic;  Instead,  a  powei’  transfer  characteristic  (poxrer 
output  versus  power  input)  is  basic  in  describing  its  behavior. 

The  net  effect  of  this  characteristic  is  that,  even  at  saturation 
levels,  the  transfer  Impedance  of  a  maser  is  constant;  thus,  the 
equivalent  E-I  characteristic  is  linear.  The  gain  of  the  maser 
amplifier  to  input  signals  depends  on  the  average  power  contained 
in  the  signal. 

For  analysis  purposes,  one  can  assume  that  the  maser 
amplifier  has  a  perfectly  linear  E-I  characteristic  and  a  gain  that 
is  a  function  of  the  average  input  power.  When  two  or  more  input 
signals  are  present,  we  expect  the  input  Impedance  for  each  to  be 
constant  (nonlinearity  is  required  for  intermodulation)  and  the 
amplifier  gain  for  each  to  bo  a  function  of  the  total  average  input 
pov;er. 

In  sunnary,  the  maser  amplifier  gain  is  a  function 
of  tho  total  average  power  contained  in  the  input  signals  (vfhosG 
frequencies  are  vrlthin  the  maser  passband),  Intormodulation  as 
convontlonully  defined  is  nonexistent. 
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Gain  Stability 

In  a  practical  'K-JM,  gain  instability  is  caused  almost 
exclusively  by  fluctuations  in  the  externally  applied  d-o  magnetic 
field.  We  can  calculate  the  instability  from  this  source  by  con¬ 
sidering  the  magnetic  linewidth  function  of  the  maser  material  and 
the  current  stability  In  the  electromagnet.  The  magnetic  and 
frequency  linewldths  are  related  by  the  gyromagnetio  ratio  of  the 
electron  which  is  =  2.8  Mo  per  oersted.  In  a  practical  maser  the 
primary  d-o  magnetic  field  is  usually  derived  from  a  permanent 
magnet.  In  tunable  masers,  tickler  coils  wound  on  the  permanent 
magnet  vary  the  net  applied  d-o  magnet  field  sufficiently  to  tune 
the  maser  amplification  band  as  required.  Fluctuations  in  this 
applied  field  relate  directly  to  the  knovm  regulation  of  the  current 
flowing  through  the  tickler  coils.  For  example,  if  an  applied  mag¬ 
netic  field  is  derived  from  a  permanent  magnet  of  2000  gauss  and  an 
electromagnet  of  100  gauss  with  0,1^^  stability,  then  the  net  applied 
field  of  2100  gauss  has  an  instability  of  +  0,1  gauss.  As  in  the 
case  of  the  frequency  linewidth,  the  magnetic  linewidth  of  the  maser 
material  is  assumed  Lorentzian,  The  gain  of  a  TWM  as  a  function  of 
the  magnetic  field  fluctuation  can  then  be  determined  from 


Gain  Recovery  Time 

The  gain  of  a 
G 


TWM  in  decibels  can  bo  expressed  as 


(db)  “  ^(db) 


X», 


and  at  f^, 

°o(db)  “Adb)  ^o 

where  K  is  some  constant,  Becker”  et,al,  have  shown  that,  during 
recovery  from  a  saturating  signal,  , 

X"  »  X«  (1  -  e"^/^), 

whore  T  is  the  spin-lattice  relaxation  time  of  the  maser  material, 
TJsing  these  relations  wo  note  that 


^(db)  Go(db)  ■” 

The  time  for  gain  recovery  to  within  3  db  of  full  gain, 
be  found  from 

e”VT  a  1  -  ’^o(db) 

^o(db) 


Gq,  can 


(8) 


III.  SXPERDraiTAL  CORRELATION 
Test  T/.M  Description 

Airborne  Instr'junents  Laboratory  recently  completed 
the  development  and  testing  of  an  S-band  travellng-v;ave  maser  (TV-/M). 
Table  I  summarizes  the  characteristics  of  thin  maser.  Figure  1 
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£5hows  the  peak  maser  gain  versus  frequency  as  the  instantaneous 
amplification  band  is  tuned  through  the  bandwidth  of  the  slow- 
wave  structure.  Figure  2  shows  a  typical  instantaneous  ampli¬ 
fication  band, 

Passband 

The  Airborne  Instruments  Laboratory  uses  pink 
ruby  with  about  0,05  percent  chromium  concentration.  Assuming 
that  the  bandwidth  of  this  material  is  about  60  Mc4,  we  can  com¬ 
pare  the  prior  analytical  prediction  with  the  experimental  band¬ 
width  of  21  Me  shown  in  Figure  2,  Prom  equation  3  and  vrith 
Gq  =  40  db,  we  find  that  =  17  Me;  this  compares  favorably 

mth  the  21  Me,  which  Inoluaed  a  stagger-tuned  effect.  Even  more 
significant  is  a  comparison  of  the  entire  experimental  passband  of 
the  Tl’iK  with  the  corresponding  analytical  result.  This  can  be 
accomplished  using  equation  2;  the  close  correlation  obtained  is 
shown  in  figure  3» 

Saturation  Level.  Transfer  Characteristic  and  Desensitization 


Previously  v/e  noted  that  the  gain  saturation  level  in 
a  Tl'JM  is  a  direct  function  of  duty-cycle.  This  effect  is  clearly 
indicated  in  the  experimental  gain  saturation  data  presented  in 
Figure  4»  Another  interesting  observation  in  this  figure  Is  the 
input  signal  level  which  reduces  the  WM  gain  3  db  from  the  nominal 
small  signal  gain.  For  o-w  input  signals  this  level  is  -48  dbra. 
Using  Dr,  Butcher* a  results,  equations  5  ^nd  6,  and  the  detailed 
S-band  TIW  design  data  we  can  obtain  a  comparison  between  this 
experimental  saturation  level  and  the  corresponding  analytical 
results.  In  the  S-band  IWM  the  unloaded  quality  factor,  of 
the  periodic  resonators  is  about  1000  and  the  absolute  value  of 
the  magnetic  quality  factor,  ,  is  about  1^0,  Thus  Qj^  /  Q„ 

is  approximately  0,85  and,  from  equation  5»  the  input  power  level‘s 
which  produces  a  3  db  reduction  in  gain  is  approximately  equal  to 


t’TV/M  • 
below. 


A  calculation  of  bm^^  is  moi’e  involved  and  is  performed 
Applying  equation  6  to  the  S-band  TV/M  with; 

n  —  T  oc!'?  V  ln-0  f 


Uq  =  1,257  2  10**^ 

V  =  3  X  10^/70^ 

Vo  =  6,47  X  10-6 
n  =  0.5 

Tla=  0.2 

T2s=  0,55  X  10"® 


(henry-meter-’^J 
(meters  -  sec"^) 

(meter^)  2 

C  joule/weber-meter'^) 
(joule-sec) 
dimension  loss 
(sec) 

(sec) 


rp  =  r«  =  0,^  dimension  less 

D  -  2“x  (meter) 

G-t;  =  1000  d|.monsion  less 


yields 


^  i/ 

B)^/D  ;<  £.4-7 X./0  >(•'^.(23)  x/0  x  y/asr. 


Tsz'ff  x/  Tr^K(9.n)^^/d"^?cc.s->^o.s  ~xo.ssaio~^^ 0.76)^ a 


3  ?(/.0  teaffj 


Tims  the  S-band  T.’/K  gain  is  reduced  by  3  db  for  signal  inputs  at 
u  level  of  -45  dbm.  This  closely  correlates  with  the  experimental 
value  of  -46  dbm. 
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InteiTOodulation  and  Croaa-Modalatlon 

In  addl'tion  the  simple  qualitative  previously 
presented,  the  prediction  that  Intermodulation  is  nonexistent 
in  maser  amplifiers  can  be  justified  by  quantitative  experi¬ 
mental  data.  To  this  and  a  simple  experiment  was  performed. 

The  basic  premise  was  that  the  existence  of  intermoduation  in  a 
device  implies  nonlinearity  in  its  transfer  impedance.  For  a 
single  input  signal,  a  nonlinear  transfer  impedance  would  result 
in  the  generation  of  harmonics.  This  permits  simple  measurements 
of  harmonic  outputs  to  be  substituted  for  the  more  elaborate 
measurements  of  Intermodulatlon  products.  The  circuit  used  (figure 
6)  pemitted  observation  f  second-  and  third-harmonic  output  power 
levels  doim  to  60  db  below  the  fundamental  output  power  level.  The 
absence  of  harmonic  output  power  above  this  level  is  considered 
verification  of  the  practical  nonexistence  of  interaiodulation  in 
maser  amplifiers. 

The  experiment  was  performed  by  exciting  the  maser  with 
an  input  signal  lj.0  db  above  the  saturation  level,  and  observing  the 
second-  and  third-hamnonic  output  power.  Within  the  60  db  measure¬ 
ment  range  of  the  test  circuits,  no  output  power  was  detected  at 
either  the  second-  or  third-harmonic  frequencies. 

The  performance  of  the  test  olrouit  can  easily  be 
examined  to  determine  possible  misinterpretation  of  observation, 

1.  Sensitivity  of  second-stage  receiver: 

Bandwidth  2  Me 

Noise  Figure  1^  db 

Filter  loss  10  db 

Thus  the  sensitivity  is  -86  dbm  for  unity  signal-to-nolse 
ratioj  -95  dbm  would  be  an  observable  change  in  output  level 
(greater  than  0,5  db  change), 

2,  Harmonic  content  of  input  signal: 

The  relative  attenuation  of  the  second  harmonic  power  (itJ+60  Mo) 
whon  the  triple-tuned  input  filter  is  tuned  to  the  signal 
frequency  (2230  Me)  is  calculated  as  follows: 


BW' 


kk60 


BU 


3db 


klj.60-22  30  -  295  =  2" 

7.5 


whei’e  n  =  8,2,  Rejection  of  filter  is  18  db  per  octave  times 
the  number  of  octaves,  n,  and  equals  llj.7  db.  Thus  the  second- 
harmonic  Input  to  the  Ti’Ri  is  below  the  noise  level  of  the  Tl'JM 
(about  -127  dbm  for  a  2  Me  post-receiver  bandwidth). 

3.  Signal  levels 

Signal  generation  output  +16  dbm 

Tv'/M  input  at  fp  +10  dbm 

Signal  level  at  WM  output  0  dbm  (10  db  structure 

loss  in  T.M) 

Structure  loss  in  T.-.'M  at  2fo  35  db 
Thus,  the  second-harmonic  output  pov^er  could  be 
observed,  if  present,  to  levels  60  db  below  the  level  of  the 
fundamental  output  power. 
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Gain  Stability 

The  measured  gain  stability  for  the  S-band  Tl-JM  was 
(1)  long-term  stability  =  +  0,2  db  and  (2)  short-term  stability 
•=  +  0.C5  db.  These  figures'  include  appreciable  contributions 
from  the  post-receiver  and  the  measurement  apparatus.  Figure  7 
presents  equation  7  graphical  form  for  the  parameters  of  the 
S-band  TVM;  namely,  Bj„agnetic  =  20  oersteds,  Ge((ib)  =  40  and 
Lo  (db)  “  10  db.  This  Tl’JM  used  a  permanent  magnet  with  a  magnetic 
field  of  2280  oersteds  combined  with  tickler  coils  that  permitted 
tuning  the  total  field  from  238O  to  2ii.80  oersteds.  The  latter 
range  tunes  the  Tl'JM  passband  from  2120  to  2370  Me,  The  current 
required  in  the  tickler  colls  was  between  1  and  2  amperes;  the 
regulation  was  0,1  percent.  This  yields  a  magnetic-field  stability 
of  +  0,2  oersted;  from  figure  7,  the  observed  gain  stability  should 
be  +  0,016  db.  The  discrepancy  beti^een  tte  predicted  and  the 
experimental  stability  is  due  to  contributions  from  the  post-re¬ 
ceiver  and  the  measurement  apparatus. 

Gain  Recovery  Time 

Figure  8  shows  the  detaf.ls  of  the  measurement  set¬ 
up  employed  to  measure  the  gain  recovery  time  of  the  S-band,  TWM. 

The  functional  operation  of  this  circuit  is  self-explanatory. 

Figure  9  presents  a  gain  recovery  photograph  obtained  with  this 
circuit.  Figure  10  is  a  graphical  analysis  of  the  'f.JM  gain  recovery 
characteristic.  This  data  vras  obtained  from  the  photograph  of 
Figure  9  and  some  associated  calibration  data,  ITote,  that  using 
equation  8,  the  overall  gain  recovi^y  time  for  the  S-band  Ti'iM 
with  Gq  =  30  ub  corresponds  to  e"'*"/'^  s=  o,l  v/hich  occurs,  from 
figure  10,  at  t  =  ,90  milliseconds.  The  detailed  analysis  of 
figure  10  drama tlzos  the  presence  of  three  distinct  recovery  time 
constants.  One  must  conclude  that  cross-rcla.cation  processes  are 
occuring  in  addition  to  the  normal  sp5.n-latticc  relaxation  process. 
The  accounts  for  tho  large  discrepancy  beti-ioen  this  experimental 
recovery  time  and  the  much  longer  recovery  time  that  vjould  be  pre¬ 
dicted  using  the  spin-lattice  relaxation  time  of  ruby  (in  tho 
hundreds  of  milliseconds)  and  the  prediction  method  described  in 
a  report  by  Beclcer  ot,alo, 

IV,  CONCLUSIONS 

In  this  paper  we  have  attempted  to  develop  simple 
methods  for  predicting  the  interference  characteristics  of 
the  T..7;,  The  judgement  of  our  success  is  loft  to  the  reader, 

Fresent  effort  ly  many  laboratories  toviards  improving  the  per¬ 
formance  characteristics  of  tho  'FT'-’  is  primarily  in  the  areas  of 
new  maser  materials,  impurity  doping  techniques  and  the  utilization 
of  cr’osc-rclaxa  tion  mechanisms.  In  anticipation  of  these  maser 
advances,  furt'-’c-r  effort  of  a  nature  similar  to  that  reported  in 
this  paocr  is  certainly  desirable, 
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TABLE  I 


SUICIARY  OP  S-BAND  TVJM  CHARACTERISTICS 


ELECTRICAL 


Frequency  range  (tunable) 

Amplification  bandwidth  (typical) 

Net  Forward  gain 

Net  reverse  Isolation 

Noise  Temperature 

Saturated  output  poxjer 

Recovery  time 

Gain  stability; 

Long-term 

Short-term 


DESIGN 


Active  maser  material 

Slow-wave  structure 
Internal  isolator’s 
DC  magnetic  field 
Pump  frequency 
Pump  power  (approximate) 
Bath  temperature 
Cooling 


MECHANICAL 


Length  of  slow-wave  structure 
V/eight  of  TWM  assembly 


OTHER 


Helium  capacity  in  dowar 

Operating  time  botwoen  holiura  recharges 


2120  to  2370  Me 

21  Me 

30  db 

100  db 

10  +  2°K 

-27.5  dbm 

50  milliseconds 

+  0.2  db 

+  0.05  db 


Pink  ruby  (0,065  percent 
chromium  concentration) 
Comb 

YIG’"-  disks 

2,38  to  2»1j.8  kilo-oersteds 
12,420  to  12,730  Me 
100  raw 

1,80k 

Open  cycle  with  helium 


61/2  inches 
180  pounds  (includes 
magnet  weight  of 
110  pounds) 


5.5  liters 
6  to  8  hours 


"Yttrium- iron  garnet. 
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FIGURE  1.  NET  MASER  GAIN  VS  OPERATING  FREQUENCY 
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KIOraE  2.  TiTICAL  MASER  PASS  BAND 
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FIGURE  4 .  GAIN  SATURATION  AS  A  FUNCTION  OF  DUTY  CYCLE 
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FIGURE  5  DESENSITIZATION  CHARACTERISTIC 
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URE  6  CIRCUIT  ARRANGEr/ENT  AND  PROCEDURE  FOR  MEASURING 
SECOND-HARMONIC  POWER  GENERATED  IN  TWM 
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FIELD  EVALUATION  OF  THE  NCEL  INTERFERENCE -ATTENUATING 
POWER  CONDUCTOR 

D.  B.  Clark  and  J.  L.  Brooks 
U.  S.  Naval  Civil  Engineering  Laboratory 
Port  Huenemc ,  California 

Abstract.  -  The  field  evaluation  of  a  4.0-mile  installation  of  13.2  KV, 
3-phase,  power  distribution  wires  replaced  with  special  interference- 
attenuating  conductor  developed  at  the  U.  S.  Naval  Civil  Engineering 
Laboratory  was  completed  in  January  1961.  The  power  line,  wrapped  with 
high-permeability  tape  was  tested  at  the  U.  S.  Army  Electronic  Proving 
Ground,  Fort  Hua^huca,  Arizona.  NCEL  engineers  and  technicians  made 
survey  measurements  of  the  broad-spectrum  electromagnetic  interference 
(30  cycles  per  second  to  1,000  megacycles)  induced  at  the  end  of  the  line 
with  large-impulse  noise  generators.  The  special  line,  with  large  magni¬ 
tudes  of  interference  at  its  beginning,  is  shown  to  attenuate  effectively 
over  the  broad  frequency  spectrum  to  bring  the  noise  level  of  the  line 
down  to  the  level  of  the  natural  ambient  in  about  half  the  length  of  the 
line.  A  30-kw  load  placed  on  the  power  line  did  not  make  any  measurable 
change  in  its  attenuating  properties. 

Impedance  measurements  of  the  power  line  as  a  transmission  line 
showed  it  to  be  independent  of  line  terminations,  and  that  considerable 
attenuation  was  present. 

Field  intensity  measurements  made  to  determine  the  electrical- 
field  profile  with  respect  to  distance  from  the  line:*  showed  that  the 
intensity  decreased  rapidly  in  greater  than  inverse  square  with  distance, 
indicating  a  field  propagated  along  the  line,  with  no  measurable  radiation 
away  from  the  line. 

Saturation  effects  on  attenuation  from  large  a-c  and  d-c  power 
currents  to  the  high-penaeabil ity  metal  tape  wrapped  on  the  test  conductor, 
as  measured  in  the  laboratory  are  shown.  The  effect  on  attenuation  of 
saturation  currents  with  variation  of  the  wrapped  gap  are  described. 

The  effect  of  the  high-permeability  tape  thickness  on  attenua¬ 
tion  is  considered  theoretically  and  experimentally,  and  it  shows  that 
attenuation  is  proportional  to  tape  thickness  until  the  thickness  is  of 
the  order  of  one  "skin  depth."  The  potential  applications  and  limitations 
of  the  new  interference  suppressing  line  ere  presented. 

Background.  -  At  all  points  in  space  there  exists  an  electromagnetic 
environment.  Some  of  the  parameters  which  can  describe  this  environment 
include  electric  and  magnetic  field  intensities,  frequency,  polarization, 
phase,  and  impedance.  Our  electronic  communications  and  control  systems 
are  required  to  function  properly  in  the  presence  of  this  environment, 
and  the  undesirable  interaction  of  this  with  our  systems  is  termed 
electromagnetic  interference.  Some  of  the  means  which  are  employed  co 
protect  vulnerable  systems  against  potential  interference  include  shield¬ 
ing  and  isolation,  filtering,  polarization,  and  circuit  design. 


Areas  which  are  separated  by  considerable  distance  from  any 
population  centers,  or  industrial  activities,  generally  have  low-intensity 
electromagnetic  environments.  Such  areas  are  usually  chosen  for  the 
location  of  very  sensitive  electronic  systems  such  as  radio  telescopes, 
and  satellite  and  missile  tracking  systems  because  they  are  extremely 
wlnerable  to  electromagnetic  interference.  It  is  always  necessary  to 
supply  and  distribute  electrical  power  for  these  installations,  and 
this  usually  requires  the  use  of  power  generated  at  some  distance  from 
the  area. 


Power  transmission  lines  and  other  current-carrying  conductors 
are  utilized  to  deliberately  conduct  electromagnetic  energy  at  power  or 
signal  frequencies  from  the  point  of  generation  to  the  desired  area  of 
their  utilization.  Unfortunately,  when  these  conductors  are  in  place, 
they  are  available  to  absorb  electromagnetic  interference  energies  and 
convey  them  with  low  attenuation  into  areas  where  they  can  become  a 
critical  problem  in  interference. 

Current-carrying  conductors  can  violate  the  Integrity  of 
electromagnetic-sensitive  areas  by  complex  combinations  of  three  basic 
modes  of  propagation;  radiation  from  the  conductors  as  antennas, 
conduction  of  electrical  currents  by  the  conductors,  and  induction 
by  magnetic  and  electrical  fields  associated  with  the  conductors. 

The  first,  radiation  is  probably  the  least  of  the  offenders 
for  extended  lengths  of  transmission  lines. ^  When  a  conductor  antenna 
is  many  wavelengths  long  in  one  direction,  the  pattern  of  the  radiated 
energy  is  that  for  a  "long  wave"  or  Beverage  antenna  and  has  its  narrow, 
maximum  lobe  in  the  direction  of  the  conductor.  Interference  can  be 
avoided  from  this  source  by  assuring  that  sensitive  areas  are  not  in 
line  with  long  stretches  of  transmission  lines. 

For  short  sections  of  power  lines  where  the  length  of  line 
continuous  in  any  particular  direction  is  of  the  order  of  a  wavelength 
or  less,  the  radiation  is  broad  beam  and  its  effect  is  much  harder  to 
control . 


Conducted  interference  from  power  lines  is  a  serious  offender. 

The  line  connects  interference  sources  to  sensitive  loads  by  means  of  a 
direct  low-attenuation  connection.  The  Ciaction  of  available  noise 
power  delivered  to  a  load  at  any  particular  frequency  depends  on  the  re¬ 
lationship  of  the  load  impedance  to  the  impedance  of  the  line,  and  the 
amount  of  noise  power  induced  by  the  source  depends  on  a  similar  relation¬ 
ship  of  the  noise  source  im.pedanec  to  the  line  impedance. 

Mutual  induction  can  couple  noise  energy  from  a  line  to  other 
wiring  and  circuits  ouch  as  a  transformer  couples  from  primary  to  secondary 
for  the  magnetic  fields.  The  electric  field  gradients  which  exist  around 
current-carrying  lines  can  induce  voltages  in  any  conductors  which  inter¬ 
sect  a  portion  of  this  electrical  gradient. 
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Any  noise  currents  on  the  power  lines  carry  with  them  their  associated 
magnetic  and  electric  induction  fields,  components  of  which  diminish, 
approximately,  as  the  reciprocal  square  of  the  distance  from  the  line. 

At  low  frequencies,  penetration  of  these  induction  fields  can  be 
significant  into  the  earth,  into  metal  buildings,  or  other  supposed 
shielding  which  has  been  effective  at  higher  frequencies,  physical 
separation  of  about  600  feet  from  long  lines  is  usually  sufficient  to 
obtain  the  natural  ambient,  at  broadcast  frequencies  and  higher. 

Electromagnetic  energies  which  use  power  line  conductors  as  a 
propagating  mechanism  have  a  choice  of  several  modes.  For  a  long  line 
where  discontinuities  are  neglected,  the  propagation  is  considered  as 
Principal  Wave  (TEM  wave).  For  this  mode  the  conductors  act  in  pairs, 
with  one  as  a  go  and  the  other  as  a  return.  With  a  multiwire  line, 
numerous  combinations  are  possible,  including  all  of  the  wires  as  a  go 
and  the  earth  as  a  return.  The  preferred  combination,  or  the  one  which 
propagates  the  greatest  energy  at  any  particular  frequency,  is  the  one 
with  lowest  impedance. 

With  one  conductor  as  a  current  go  and  another  as  a  return,  the 
external  field  at  a  remote  point,  a  great  distance  away  compared  to  the 
distance  between  conductors,  is  essentially  zero.  This  is  because  the 
two  currents,  ISO  degrees  out  of  phase  are  nearly  superimposed,  and  their 
field  components  cancel  at  a  distance.  Where  the  conductors  are  far  apart 
compared  to  their  distance  from  a  point  in  question,  the  induced  field 
can  be  of  much  greater  intensity.  Relating  this  to  the  case  of  a  power 
line,  induced  fields  of  the  modes  which  have  the  earth  as  a  return 
conductor  can  have  greater  intensities  near  the  line  than  fields  from 
closely  spaced  pairs. 

The  natural  attenuation  which  interference  experiences  on 
power  conductors  is  due  to  the  loss  resistance,  a  combination  of  the 
d-c  and  a-c  resistance  of  the  conductor.  For  good  conductors,  such  as 
copper  and  aluminum,  the  d-c  resistance  is  very  small,  determined  by 
the  resistivity  and  size  of  the  wire.  The  a-c  resistance  is  propor¬ 
tional  to  the  square  root  of  the  frequency,  permeability,  and  resistivity, 
but  for  a  good  conductor  does  not  become  an  appreciable  factor  until  very 
high  frequencies  are  reached. 

The  increase  of  a-c  resistance  with  frequency  is  due  to  a 
crowding  of  the  a-c  current  towards  the  skin  of  the  conductor  which  is 
known  commonly  as  skin  effect.  By  providing  a  high  permeability  coating 
for  the  conductor,  this  skin  effect  can  be  greatly  enhanced,  to  increase 
the  value  of  the  a-c  resistance  significantly.  This  effect  is  derived 
in  detail  in  Appendix  A. 

A  large  loss  resistance  for  the  power  line  conductor  effects 
the  reduction  of  interference  due  to  the  power  line  in  several  ways. 
Conducted  interference  is  burned  up  as  a  heat  loss,  and  the  amount  of 
noise  energy  delivered  to  the  sensitive  loads,  thus  greatly  reduced. 
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The  radiated  and  absorbed  energy  is  reduced,  because  of  greater 
antenna  losses  due  to  this  increase  in  a-c  resistance,  and  due  to  the  in¬ 
crease  in  impedance  of  the  line  compared  to  the  load  and  radiation 
impedances.  This  effect  can  be  examined  in  detail  in  Appendix  B. 

I .  INTOODUCTION 

Field  tests  were  conducted  at  the  U,  S.  Army  Electronic  Proving 
Ground,  Fort  Huachuca,  Arizona,  by  personnel  from  the  U.  S.  Naval  Civil 
Engineering  Laboratory.  To  determine  the  radio  frequency  attenuation  and 
propagation  characteristics  of  a  special  interference-attenuating  conductor 
developed  at  NCEL,  the  conductor  was  installed  on  an  actual  power  line. 
Laboratory  test  results  and  a  theoretical  -treatment  of  this  special 
conductor  were  previously  reported.'^  Fort  Huachuca,  Arizona  was  chosen 
as  the  test  site  because  personnel  at  the  proving  ground  were  currently 
involved  with  interference  problems  presented  by  noisy  power  lines  and 
were  very  interested  in  NCEL's  efforts  to  control  it.  They  supported 
the  test  by  providing  one  of  their  existing  power  line  installations  for 
test,  by  providing  men  and  equipment  to  install  the  experimental  power 
line  conductors,  and  by  giving  logistic  support  in  the  tests. 

USAEPG  personnel  independently  made  extensive  field  intensity 
measurements  on 'and  near  t'he  untreated  power  line  21  October  to  7  November 
1960  and  later,  14  November  to  22  November  1960  with  the  conductors  taken 
down  and  removed.  A  third  set  of  measurements  was  made  19-28  December 
1960  after  the  conductors  wrapped  with  high  permeability  tape  were  in¬ 
stalled.  Peak  noise  measurements  were  made  during  these  three  test 
periods.  The  results  of  these  tests  will  be  reported  separately  by 
the  U.  S.  Army  Electronic  Proving  Ground,  Fort  Huachuca,  Arizona. 

The  transmission  line  made  available  for  use  at  Fort  Huachuca 
was  an  isolated  13.2  KV  3-conductor  3-phase  power  line  approximately  5 
miles  long.  The  conductors  were  #6AWG  annealed  copper  strung  on  wooden 
poles  and  crossarms.  The  pin  type  insulators  installed  were  of  the 
radio  freed  variety  which  have  a  conductive  glaze  fired  on  portions  of 
the  inner  and  outer  surface.  The  line  delivered  power  to  a  bunker  in  the 
USAEPG  east  range  artillery  impact  area.  The  power  line  runs  parallel 
to  the  southern  edge  of  the  range  for  4-|  miles,  makes  a  100-degree  turn, 
extends  for  2100  feet  then  goes  through  atep-down  transformers  into  an 
underground  cable  which  runs  beneath  the  impact  area  to  the  bunker.  The 
poles  were  spaced  about  300  feet  apart  and  were  given  consecutive  identifi¬ 
cation  numbers  from  0-76  beginning  with  the  transformers  at  the  end  of  the 
overhead  line. 

Fort  Huachuca  is  in  a  high-altitude  desert  area,  dry  except  for 
part  of  the  summer  months.  The  area  is  subject  to  severe  lightning 
storms  during  the  year,  particularly  during  the  summer.  As  protection 
against  lightning,  the  power  line  has  a  fourth  wire  which  runs  along  the 
tops  of  the  poles  and  is  grounded  at  each  pole.  The  ground  conductor 
extends  approximately  six  feet  into  the  ground  at  each  pole  and  is  wound 
helically  around  the  pole  base.  The  presence  of  this  fourth  ground  wire 
complicated  analysis  and  effected  some  of  the  test  results. 
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11.  IIIPEDANCE  MEASUREMENTS 


Tests  at  NCEL 

The  characteristic  impedance  and  attenuation  of  a  transmission 
line  may  be  determined  by  first  measuring  the  impedance  at  the  sending 
end  with  the  receiving  end  short-circuited,  then  measuring  the  impedance 
with  the  far  end  open-circuited. 

The  following  equations  are  then  used  to  calculate  the  character¬ 
istic  impedance,  attenuation,  and  phase  shift  of  the  line  using  the  two 
measured  impedance  values. 


where  Z  =  characteristic  impedance 

oC°=  attenuation  in  nepers 
B  =  phase  shift  in  radians 
L  =  length  of  line  in  miles 
ZgCs)  =  short-circuit  sending  end  impedance 
Zg(o)  =  open-circuit  sending  end  impedance 

With  the  transmission  line  measurement  approach  in  mind,  a 
laboratory  test  setup  was  constructed  in  the  100-foot  steel -shielded 
building  at  NCEL.  A  diagram  of  the  test  apparatus  is  shown  below.  A 
94-foot  length  of  the  wrapped  conductor  to  be  tested  was  strung  between 
the  two  end  walls  of  the  building  near  the  center.  The  shell  of  the 
building  itself  comprised  a  coaxial  return  for  the  signal  path. 
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A  =  radio  frequency  signal  generator 
B  =  radio  frequency  impedance  bridge 
C  =  sensitive  null  detector 
S  =  shorting  switch 

The  Laboratory  computer  was  programmed  using  the  equations 
described  previously  to  reduce  the  complex  measurement  data  to  values 
of  attenuation,  phase  shift,  and  characteristic  impedance. 

The  approach  taken  to  determine  the  power  current  effects  on 
radio  frequency  characteristics  is  similar  to  the  previously  mentioned 
method,  with  the  exception  that  large  power  currents  (both  a-c  and  d-c) , 
were  passed  through  the  wrapped  conductor  to  determine  their  saturation 
effects.  This  required  a  modification  of  the  test  setup  as  shown  below. 


Diagram  2 


A  =  radio  frequency  signal  generator 
B  =  radio  frequency  impedance  bridge 
C  =  sensitive  null  detector 
Cjsnd  C2  =  power-current-blocking  capacitors 
Qjand  Q2  ~  radio-frequency-blocking  impedances 
T  =  60-cycle  power  transformer 
Dg  =  d-c  power  supply 
Rl  =  power  current  load 

With  this  arrangement,  it  was  possible  to  run  power  current  and 
r.f.  current  simultaneously  in  the  wrapped  conductor  without  damaging  the 
sensitive  r.f.  bridge.  Since  these  large  power  currents  had  to  pass 
through  the  tuned  circuit  coils,  it  was  necessary  that  they  be  constructed 
of  large  diameter  wire. 
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The  tuned  circuits  presented  a  loading  effect  to  the  r.f.  circuit  which 
had  to  be  compensated  for  in  the  data  analysis. 

Results  of  measurements  of  attenuation  and  impedance  made  on  a 
94-foot  test  piece  of  the  line  to  be  used  at  Fort  Huachuca ,  are  shown  in 
Figure  1.  Construction  of  this  special  conductor  is  shown  in  Figure  2. 

It  has  a  7  mil  thick,  silicon-iron,  high  permeability  tape  wrapped  with 
a  nominal  10  mil  gap  on  #6AWG  copper  conductor.  The  results  of  the 
power  current  effects  on  the  r.f.  characteristics  are  shown  in  the  curves 
in  Figure  3  and  4.  The  conductor  described  in  Figure  3  was  that  shown  in 
Figure  2.  The  conductors  described  in  Figure  4  were  made;of  ^-inch  copper 
tubing  wrapped  with  ^-inch  wide  high  permeability  metal  tape  having  a 
thickness  of  .004  inch. 

These  curves  show  very  little  difference  between  a-c  and  d-c 
power  current  saturation  effects.  However,  there  is  a  definite  saturation 
effect  due  to  the  flow  of  power  current,  and  the  smaller  the  gap  the 
higher  the  attenuation  and  the  more  susceptible  to  saturation  the  line 
becomes.  Conversely,  the  wider  the  gap,  the  lower  the  attenuation  be¬ 
comes,  and  the  less  susceptible  is  the  line  to  saturation  effects.  It 
should  be  noted  that  even  though  the  smaller  gap  is  more  affected  by 
saturation,  its  attenuation  curve  at  1  me  remains  higher  than  those  of 
the  wider  gaps,  throughout  the  range  of  currents  applied. 

The  next  point  of  importance  to  be  derived  from  these  curves  is 
the  range  of  currents  at  which  the  major  loss  in  attenuation  is  suffered, 
this  seems  to  be  between  5  and  20  amperes  a-c  or  d-c. 

Tests  at  Fort  Huachuca ,  Arizona 

The  tests  at  Fort  Huachuca  were  performed  on  an  actual  high-voltage 

3- ph8se  line.  It  was  intended  that  measurements  on  the  line  be  made  in 
the  same  manner  as  performed  in  the  Laboratory  at  NCEL.  The  problem, 
however,  was  considerably  more  complicated,  because  there  were  now  three 
conductors  and  a  static  ground  wire  and  the  earth  as  a  return. 

To  make  impedance  measurements,  the  power  to  the  line  was  cut 
and  air  switches  were  inserted  (one  in  each  phase)  at  approximately 

4- ^  miles  from  the  transformer  bank  on  pole  76.  Then,  by  attaching  a 
4-foot-wide  phosphor  bronze  screen  to  the  three  overhead  power  conductors 
a  connection  to  the  impedance  bridges  was  made  by  means  of  a  low-impedance 
lead.  A  reference  ground  was  established  by  laying  about  60  feet  of  the. 
4-foot-wide  screen  on  the  ground  perpendicular  to  the  line.  The  far  end 
was  terminated  by  disconnecting  from  the  transformers  and  connecting  to 
ground  for  short-circuit  measurements,  and  by  leaving  the  wires  disconnected 
for  open-circuit  measurements. 

Procedure  for  Bare  Line  Impedance  Measurements,  June  1960 

The  impedance  measurements  were  divided  into  three  main  groups, 
each  group  having  three  parts. 
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Test  1.  This  test  wss  made  in  order  to  learn  the  effect  of  the 
transformer  bank  on  the  line  impedance;  consequently,  the  transformers 
were  left  connected  for  this  test.  The  following  three  conditions  (the 
same  for  all  3  tests)  were  tested: 

Phase  (a)  3  wires  as  go,  earth  return,  ground  wire  floating 

Phase  (b)  3  wires  as  go,  ground  wire  and  earth  return 

Phase  (c)  4  wires  as  go,  earth  return 

Tests  2  and  3.  These  tests  comprise  the  open-circuit,  short- 
circuit  tests.  The  transformer  bank  was  disconnected,  and  the  lines 
were  all  shorted  to  ground  for  Test  2.  The  lines  were  tied  together  but 
left  hanging  free  for  Teat  3. 

Results  of  Bare  Line  Impedance  Measurements. 

The  results  of  Test  1  are  plotted  in  Figure  5;  these  curves 
show  that  with  the  transformer  bank  connected  the  difference  between  the 
three  phases  is  almost  negligible.  The  results  of  Tests  2  and  3  gave  the 
characteristic  impedance  and  attenuation.  These  were  computed  and  are 
plotted  in  Figures  6  and  7,  for  each  of  the  three  phases. 

A  comparison  of  the  curves  for  the  three  different  conditions 
shows  little  difference  between  phase  (a)  and  phase  (b).  However,  there 
was  a  noticeable  change  when  the  ground  wire  was  connected  to  the  other 
three  as  a  go,  phase  (c).  This  difference  is  caused  in  part  by  the  fact 
that  the  ground  wire  was  grounded  at  each  pole.  The  attenuation  values 
shown  in  Figure  10  were  obtained  by  using  the  measured  impedance  data  in 
equation  (2).  Equation  (2)  was  derived  from  the  following  relation: 


tan  h[(«+j 


(3) 


Procedure  for  Wrapped  Line  Impedance  Measurements,  January  1961 

The  special  wrapped  line  was  installed  on  the  east  range  power 
line  at  Fort  Huachuca  prior  to  the  arrival  of  NCEL  personnel  on  January  9. 
Tne  three  current-carrying  conductors  of  the  three-phase  line  were  re¬ 
placed  by  the  special  wrapped  line  from  pole  0  to  69,  approximately  4  miles. 
The  overhead  ground  wire  was  left  in  its  original  state. 

An  inspection  of  the  installation  showed  that  the  outside,  vinyl, 
weather-protective  wrapping  had  been  severed  in  numerous  places  along  the 
line  during  installation.  The  wind  had  unraveled  some  of  this  covering, 
leaving  streamers  hanging  from  the  line.  These  were  repaired  before  test¬ 
ing  began.  Since  no  significant  results  other  than  attenuation  data  were 
obtained  in  the  June  1960  tests  with  impedance  measurements,  very  little 
time  was  allotted  to  them  on  the  January  1961  test. 
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Therefore,  with  the  wrapped  line,  only  the  open-circuit  and  short-circuit 
impedance  measurements  in  phases  (a)  and  (b)  were  repeated  to  obtain 
attenuation  data.  The  hookup  and  test  procedure  were  exactly  the  same 
as  those  for  Tests  2  and  3  described  earlier.  Measurements  were  made 
from  the  same  location,  pole  76,  as  previously,  since  the  line  could  be 
disconnected  conveniently  at  this  point.  This  meant  that  2100  feet  of 
untreated  line  preceded  the  4  miles  of  wrapped  line. 

Results  of  Wrapped  Line  Impedance  Measurements. 

The  results  of  these  teats  are  shown  in  Figures  8  and  9.  It  is 
worthwhile  noting  that  the  wrapped  line  shows  very  little  difference 
between  the  open-circuited  and  short-circuited  configurations.  This  is 
an  indication  of  large  losses  in  signal  strength  in  the  wires,  resulting 
in  weak  reflections  at  the  sending  end,  and  a  more  effectively  infinite 
line. 


III.  FIELD  INTENSITY  MEASUREMENTS 
Measurements  on  Bare  Power  Line,  June  1960 


Procedure  for  Interference  Survey  of  Bare  Line.  A  survey  was 
made,  in  June  196®,  of  the  electromagnetic  noise  field  in  the  vicinity 
of  the  original  untreated  13.2  KV  power  line.  Measurements  of  hoise 
intensities,  in  the  frequency  range  14  kc  to  400  me,  were  made,  using 
standard-specification  EMI  meters ;^these  meters  are  listed  in  Table  1. 

The  receivers  were  mounted  and  transported  in  an  Army  3/4-ton 
truck  and  trailer.  An  interference-suppressed  AN/GSA-14  gasoline-powered 
generator  provided  filtered  power  at  120  volts  a-c  60  cycles.  Measure¬ 
ments  were  made  at  pre-selected  locations  under  and  near  the  power  line. 
Field  intensity  levels  at  selected  frequencies  in  the  spectrum  of  interest 


Table  1.  EMI  Meters  Used  in  Field  Intensity  Measurements 


AN/URM-41 

AN/URM-6 

AN/PRM-1 

AN/UEM~47 

AN/URM-17 


Serial  No. 
301-21 
159-7 
140-6 
208-36 
155-26 


Frequency  Range 
20  c  -  15  kc 
14  kc  -  150  kc 
150  kc  -  25  me 
25  me  -  400  me 
400  me  -  1,000  me 


were  recorded  foi;  receiver  detector  settings  of  Peak,  Quasi-peak,  and  F.I. 
(average).  All  other  frequencies  in  the  range  were  monitored,  and  the 
intensity  levels  from  unidentifiable  noise  sources  were  recorded  in 
addition  to  the  pre-selected  frequencies. 


Three  power-line  insertion  filters,  developed  for  the  Laboratory  by 
a  manufacturer,  to  pass  the  power  currents  but  to  attenuate  higher 
frequencies,  were  inserted  in  the  power  line  for  evaluation. 
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The  field  measurement  survey  included  locations  on  either  side  of  this 
filter  installation.  The  Quasi-peak  intensity  measurements ,  taken  in  this 
survey  (corrected  by  various  factors  of  the  particular  receivers  and 
antennas)  and  levels  of  instrument  internal  noise  are  plotted  in 
Figures  10  and  11. 

Results  of  Interference  Survey  of  Bare  Line. 

The  interference  survey  shovm  in  Figures  10  and  11  indicates 
that  the  noise  level  of  the  line  increases  slightly  as  the  power  source 
end  is  approached  (pole  76-77).  The  noise  measured  was  determined  as 
random  noise.  At  pole  76  and  beyond,  the  test  line  approaches  (within 
100  feet)  and  runs  parallel  to  a  13  KV  feeder  line  from  the  Sulphur 
Springs  Valley  Electric  Company  which  furnishes  power  to  Fort  Huachuca. 
Figures  10  and  11  show  that  noise  measurements  made  near  this  feeder 
line  have  the  same  general  distribution  in  frequency  as  those  on  the 
east  range  13.2  KV  line,  and  that  noise  appears  to  be  from  the  same 
sources.  The  power  isolation  filters  located  at  pole  7  gave  about  20 
db  of  attenuation  below  1  me.  Above  1  me  their  attenuation  decreased 
with  increase  in  frequency.  These  filters  were  left  in  the  line,  and 
were  subsequently  struck  by  lightning.  Mo  provision  had  been  made  to 
provide  an  arc-over  gap  for  lightning  protection.  One  filter  was 
destroyed  by  the  lightning,  another  badly  burned  in  the  fire  that 
resulted,  and  the  third  was  unharmed  (see  Figure  12). 

Wrapped-Liue  Field  Strength  Measurements,  January  1961. 

Procedure  for  Interference  Survey  of  Wrapped  Line.  Upon 
arrival  of  the  NOEL  test  personnel,  a  preliminary  investigation  for 
possible  noise  sources  along  the  newly  installed  experimental  line  was 
made,  using  the  battery-operated  AN/PRM-1 .  The  noise  levels  encountered 
were  very  low.  A  survey  was  then  made  (in  the  frequency  range  14  kc  to 
1,000  me)  of  the  electrical  component  of  the  field  intensity  vector  at 
several  locations  using  the  Eia  meters  shown  in  Table  1,  mounted  in  an 
Army  3/4  truck  and  trailer.  These  locations  were  2100  feet  from  the 
beginning  of  the  experimental  line  (pole  76)  under  the  untreated  portion 
of  the  distribution  link,  at  the  point  where  the  new  line  began  (pole  69), 
two  miles  down  the  new  experimental  line  (pole  33),  3-1/3  miles  down  the 
new  line  where  it  changes  direction  100  degrees  (pole  7),  and  at  a  point 
2100  feet  out  perpendicular  to  the  line  at  pole  7.  (This  latter  location 
was  chosen  to  establish  the  natural  ambient  away  from  the  line.)  Read¬ 
ings  were  taken  along  the  line  at  mid-span,  directly  underneath  the 
conductors,  at  an  approximate  ground  plane  height  of  3  feet. 

Results  of  Survey  of  Wrapped  Line.  Proceaaed  electrical  field 
intensity  readings  for  the  preliminary  survey  in  units  of  microvolts  per 
meter  per  kilocycle  bandwidth.  Quasi-peak,  are  shown  in  Figure  13.  They 
are  compared  to  the  internal  noise  of  the  meter  converted  to  similar 
units  with  the  exception  of  the  antenna  factor,  and  a  powcr-1 ine-interf e rence 
reference  line  which  has  been  presented  in  a  recently  suggested  revision 
to  i-UL-I -1 691 0(A)  BU3H1PS  Interference  Limits  and  Specifications. 


-  67] 


The  levels  shovm  were  essentially  those  of  the  internal  meter  noise  above 
400  kc.  They  X'rere  considerably  less  than  the  levels  of  noise  intensity 
for  this  frequency  range  measured  in  June  1960,  and  showed  the  need  for 
a  strong  noise  source  if  the  effect  of  the  wrapped  line  was  to  be  assessed 
adequately. 


Wrapped-Line  Field  Intensity  Measurements,  January  1961  Using 
Noise  Generators.  The  accurate  measurement  of  attenuation  (on  a  line 
where  the  attenuation  rate  with  distance  is  significant)  requires  the 
availability  of  sufficient  initial  signal  field  strength  to  make  readings 
at  several  locations  along  the  line.  Since  it  was  desirable  to  determine 
attenuation  properties  over  a  wide  band  of  frequencies,  from  60  cycles 
through  1,000  megacycles,  and  the  available  noise  levels  found  on  the 
line  were  very  low,  it  was  necessary  to  provide  a  strong  signal  source 
which  could  generate  this  range  of  frequencies.  Another  requirement, 
for  accurate  measurements  of  signal  along  the  line,  was  a  means  of 
coupling  a  signal  source  over  this  wide  band  of  frequencies  into  the 
line  while  it  was  hot,  without  generating  erroneous  signal  components 
from  the  coupling  itself. 

All  of  these  requirements  were  satisfied  by  the  use  of  three 
impulse  generators  which  were  powered  by  the  high  electric  gradient 
existing  around  the  energized  power  conductors  (see  Figure  14).  The 
generator  consists  of  an  adjustable  gap  in  a  short  length  of  electrical 
conductor  which  intersects  the  electrical  voltage  gradient  around  the 
power  conductor.  The  large  copper  sphere  is  added  to  provide  more 
capacity  (and  thus  more  energy)  to  the  impulses  generated.  The  increase 
in  capacity  also  provides  a  control  on  the  arcing  at  the  gaps,  such  that 
a  single  discharge,  a  few  miscroseconds  in  duration,  is  generated  on 
each  half-cycle  of  the  power  voltage,  rather  than  numerous  arcs  during 
each  half-cycle.  The  generators  were  installed  with  the  power  line 
energized,  and  the  gaps  adjusted  for  continuous  arcing. 

The  interference  level  from  the  generators  was  monitored 
several  times  each  day  directly  under  the  generators  with  the  AN/PRM-1 
receiver  at  1.05  me,  in  the  Peak,  Quasi-peak,  and  field  intensity 
positions,  and  recorded  levels  were  essentially  constant. 

Electrical  field  intensity  measurements  were  made  using  the 
EMI  meters  shown  in  Table  1.  An  operator  was  provided  for  each  meter, 
and  an  attempt  was  made  to  take  readings  at  each  successive  location 
in  exactly  the  same  way  and  with  the  same  physical  arrangement.  Two 
vehicles  carried  the  two  AN/GSA-14  suppressed  generators  which  were 
located  200  feet  away  from  the  line  at  each  location,  on  opposite  sides 
of  the  line.  Mjters  were  set  up  directly  under  the  center  of  the  span 
in  two  sets,  approximately  20  feet  apart,  and  powered  by  separate 
generators . 


After  a  set  of 
(which  was  under  no  load 
30-kw  resistive  load  was 
at  several  locations  \/ns 


intensity  measurements  was  made  under  the  line 
except  for  the  reactive  charging  currents),  a 
added  at  the  line  end.  A  repeat  of  measurements 
made  . 


-  672  - 


At  several  locations,  measurements  were  repeated  with  the  EM 
receivers,  located  25  feet  outboard  at  center  span  of  the  outermost  line 
conductor.  This  was  done  to  compare  line  noise  to  the  limits  suggested 
in  a  new  revision  of  ML-I -16910(A)  Interference  Specifications.  In 
addition,  measurements  were  made  at  larger  distances  from  the  line  in 
an  investigation  of  the  profile  of  electrical  field  intensity  as  a 
function  of  distance  from  the  line. 

Results  of  Field  Intensity  Measurements  Using  Noise  Generators. 
Smoothed  curves  of  the  electrical  field  intensity  measurements  as  a 
function  of  frequency  at  the  various  locations  are  shown  in  Figures  15 
and  16.  The  frequency  distribution  of  the  noise  provided  by  the  impulse 
generators  is  shown  and  is  similar  in  the  lower  portion  of  the  spectrum 
to  the  noise  on  the  bore  line  measured  in  June  1960  (see  Figure  10). 

The  measurements  of  electrical  intensity  as  a  function  of 
dio'ance  away  from  the  line,  shown  in  Figures  17,  18,  and  19  demonstrates 
i  very  rapid  diminution  of  intensity,  wiLh  no  further  decrease  beyond  300 
feet  from  the  line. 

To  determine  values  of  attenuation  by  the  wrapped  line  from 
field  intensity  readings  of  the  broad  noise  generated  on  the  line, 
measurements  over  the  frequency  spectrum  vjere  made  at  11  separate 
locations  under  the  line.  The  physical  setup  of  instruments  and  measure¬ 
ment  procedures  were  duplicated  at  each  location.  Each  point  on  the 
attenuation  curve,  for  the  wrapped  power  line  was  obtained  from  intensity 
measurements,  and  represents  a  slope,  determined  by  a  least  squares 
fitting  from  readings  at  these  11  locations  (Figures  20  end  21).  T®o 
sets  of  readings  were  taken,  at  some  locations,  to  include  data  from 
loading  the  line  with  a  30-kw  resistive  load,  but  no  measurable  difference 
was  detected  in  the  intensity  readings.  These  attention  curves.  Figures 
20  and  21,  show  considerable  attenuation  in  frequencies  above  the  audio 
range,  with  increase  in  attenuation  proportional  to  the  square  root  of 
frequency,  and  some  attenuation  at  audio  frequencies,  starting  with  the 
second  harmonic  of  60  cycles.  The  dispersion  of  readings  at  the  audio 
frequencies  was  much  greater  as  a  result  of  the  effects  of  standing  waves 
at  frequencies  where  the  attenuation  was  lower  and  the  point  sampling 
which  resulted  from  the  limited  number  of  measurement  locations.  The 
attenuation  curve  for  the  wrapped  line  is  compared  to  values  obtained 
for  attenuation  on  the  bare  line  from  field  intensity  and  impedance 
measurements  and  the  means  of  determining  the  particular  values  indicated 
in  Figure  21.  The  dispersion  and  inherent  error  in  the  bare-line 
attenuation  measurements,  determined  from  intensity  measurements,  was 
greater  than  for  the  wrapped  line  as  a  result  of  reflections  and  standing 
waves . 


IV.  EARTH-RESISTIVITY  MEASUREMENTS 


Procedure 

As  described  by  Sunde^,  the  earth  resistivity  may  be  measured 
from  four  conducting  rods  driven  into  the  earth,  as  shown  in  Figure  22, 
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The  equation  for  the  earth  resistivity  ^  as  derived  from  this  conf iguretlon 
is : 

y=>=  2  tr  a  I - j  (4) 

where  ^  =  earth  resistivity  in  meter-ohms 

a  =  distance  between  ground  rods  in  meters 
V  =  potential  between  center  rods  in  volts 
I  =  current  entering  rod  1  and  leaving  rod  2 

An  instrument  was  constructed  at  NCEi,  which  would  accurately 
make  the  measurements  indicated  above.  It  contained  a  potentiometer  to 
measure  the  voltage,  which  in  practice  was  quite  small,  ranging  trom  .001 
volt  to  .015  volt. 

Dry-cell  batteries  were  used  for  the  power  supply,  and  a  switch¬ 
ing  network  was  included  to  provide  reverse  polarity  readings  to  overcome 
the  effect  of  stray  ground  currents  and  polarization  at  the  rods. 

Results 


During  the  first  test  at  Fort  Huachuca  (June  1960),  an  attempt 
was  made  to  measure  earth  resistivity  by  using  a  milliammeter  and  a 
vacuum  tube  Voltmeter,  The  readings  obtained  were  unusable  due  to  ground 
currents,  polarization  of  the  ground  rods,  and  inaccuracy  in  reading 
vol  tages . 

For  the  next  test  (January  1961),  preparations  had  been  made 
for  better  instrumentation,  and  the  measurement  activity  proceeded  smoothly. 
Extensive  resistivity  tests  were  made  on  the  ground  beneath  the  line,  and 
along  its  entire  length.  These  tests  gave  an  average  value  of  86.56  i  ^ 
meter-ohms  for  a  depth  of  30  meters  and  an  average  value  of  68.87±CSi_ 
meter-ohms  for  a  depth  of  10  meters,  where  OJ  =  24.715  and  <3^  =  22.712. 

V.  CONSIDERATIONS  CONCERNING  HIGH -PERMEABILITY  TAPE  THICKNESS 


Procedure 


A  theoretical  treatment  was  made  to  determine  the  optimum  tape 
thickness  for  a  given  permeability.  The  following  equation,  derived  by 
Ramo  and  I’hinnery^  to  describe  the  surface  Impedance  of  a  coated  conduct¬ 
ing  material,  can  be  applied  to  the  condition  of  a  coated  conductor  where 
the  thickness  of  the  coating  is  small  compared  to  the  conductor  diameter: 


(5) 
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where  2=  complex  impedance  of  coated  conductor 

f^ii=  resistance  per  aquare  of  coating  material 
Rsi=  resistance  per  square  of  conductor  material 
d  =  thickness  of  coating  material 
"TJ"  =  S  =.  ‘  =  skin  depth 

^  =  conductivity  yiTf 

/u,=  permeability 

It  can  be  shown  that  the  attenuation  of  a  transmission  line 
is  directly  proportional  to  the  a-c  resistance  of  its  conductors.^  For 
this  reason,  the  real  part  of  the  complex  line  impedance  ~  the  a-c 
resistance  -  is  plotted  in  Figure  23,  against  tape  thickness  for  various 
frequencies  at  a  fixed  permeability. 


Results 


It  is  apparent  from  the  curves  in  Figure  23  that  the  higher 
the  operating  frequency  the  less  the  tape  thickness  required  to  obtain 
the  maximum  attenuation  for  a  given  permeability.  However,  below  the 
knee  of  the  curve,  the  thicker  the  tape  the  more  the  attenuation.  And 
the  higher  the  permeability  the  more  rapidly  the  maximum  attenuation  is 
reached. 


The  inference  from  these  curves  is  that  the  attenuation  is 
proportional  to  the  thickness  of  the  tape  up  to  the  point  where  the 
skin  depth  is  approximately  equal  to  the  tape  thickness,  after  which 
the  attenuation  is  essentially  independent  of  the  tape  thickness, 

A  100-foot, i-inch,  copper  conductor  was  wrapped  with  a  single 
and  then  double  layer  of  the  4-mil  tape  used  for  attenuation  measurements 
in  previous  tests,  and  its  attenuation  was  measured  at  1  me  as  a  function 
of  saturation  current.  The  results  of  this  test  are  shown  in  Figure  24. 
It  shows  that  doubling  the  thickness  of  the  tape  essentially  doubled 
the  attenuation. 


VI .  SIGNIFICANT  FINDINGS  AND  DISCUSSION 
Impedance  Measurements 

The  transmission  line  type  impedance  measurements  made  on  the 
power  line  under  test  at  Fort  Huachuca  were  intended  to  provide  additional 
information  on  the  attenuation  of  the  line.  Where  line  losses  were  low, 
as  were  those  on  the  original  bare  power  line  made  in  June  1960,  the 
resulting  values  of  attenuation  (derived  for  the  frequency  range  70  kc 
to  about  30  me)  followed  a  logical  trend  and  were  very  close  to  values 
of  attenuation,  for  the  bare  line,  derived  from  a  measure  of  relative 
field  intensities  of  the  noise  on  the  line.  These  are  plotted  in  Figure  21 
and  are  derived  from  an  average  of  values  obtained  for  phases  (a)  and 
(b)  shown  in  Figure  7. 
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The  wrapped-line  impedance  measurements,  made  in  January  1961, 
resulted  in  values  which  varied  so  slightly  with  changes  in  the  line 
terminations,  that  the  ideal  transmission  line  equation  did  not  yield 
results,  except  at  the  extreme  low  end  of  the  frequency  range  in  which 
impedance  measurements  were  made  (Figure  21). 

Of  the  several  combinations  used  in  connecting  the  static 
ground  wire  at  the  measuring  end,  the  smoothest  impedance  phase  and 
attenuation  curves  were  obtained,  in  phase  (b),  by  leaving  the  static 
wire  untouched,  and  measuring  from  the  connection  of  the  three  power 
conductors  to  the  earthed  ground  plane.  This  corresponded  to  the 
mode  which  was  driven  by  the  noise  generators. 

Field  Intensity  Measurements 

The  noise  measured  on  the  power  line  chosen  for  test  at  Port 
Huachuca  was  greatest  on  the  end  of  the  line  which  was  closest  to  other 
power  lines,  and  residential  sources.  The  spectrum  distribution  and  level 
of  intensity  of  noise  on  the  commercial  Sulphur  Springs  Valley  Electric 
Company  line,  which  comes  within  50  to  60  feet  of  one  end  of  the  tested 
line,  was  similar  to  that  measured  on  the  test  line  at  the  point  of 
closest  approach  (pole  76);  this  implies  that  they  were  energized  by 
common  noise  sources  or  by  coupling  noise  from  one  to  the  other.  This 
line  noise  was  considerably  higher  in.  June  1960  than  it  was  in  January 
1961  (compare  Figures  10  and  13).  This  is  probably  due  to  static  from 
thunder  storms  prevalent  during  summer  months  but  lacking  during  the 
winters.  This  was  very  beneficial  to  the  wrapped-line  tests,  as  it 
allowed  incasuraraents  of  attenuated  noise  intensity  to  lower  ambient 
levels . 


The  significant  intensity  measurements,  which  show  clearly 
the  effect  of  the  wrapped  line,  can  be  seen  in  Figures  15  and  16  where 
the  intensity  under  the  line  near  the  impulse  generators  is  compared 
to  ISflO  feet  down  the  bare  line,  1800  feet  down  the  v;rapped  line, 

1/2  mile  and  3  miles  down  the  wrapped  line.  The  level  from  the  noise 
generators,  after  3  miles  of  the  wrapped  line,  is  down  to  the  natural 
ambient  over  the  range  of  frequencies  sho^>m,  10  kc  -  1,000  me.  The 
ambient  level  is  shown  in  Figure  13  for  2,000  feet  south  of  the  line 
at  pole  8. 


Also  significant  is  the  low  level  of  noise  intensity  measured 
400  feet  perpendicular  to  the  long  line  near  the  noise  generators 
(Figure  15).  It  show.s  that  a  few  hundred  feet  of  space  from  a  very 
noisy,  long,  power  line  is  very  effective  in  providing  isolation  for 
equipment  from  the  large  intensity  levels  found  under  and  very  near  the 
1  inc . 

Attenuation  Measurements 


The  full  capabilities  of  the  attenua  tin.g  effects  of  this  new 
line  were  not  realized  in  the  Fort  Huachuca  installation,  since  the  over- 
licad  static  ground  was  lett  unwrapped. 


But,  it  demonstrates  what  the  developed  line  will  do  in  the  presence 
of  an  untreated  conductor. 

The  attenuation  curve,  obtained  from  field  intensity  measure¬ 
ments  shown  in  Figure  21  for  the  wrapped  line,  represents  a  least-squares 
fit  to  a  set  of  points.  Each  of  these  points  in  turn  represents  a 
least-squares  fit  which  determined  a  slope  for  the  relative  electrical 
intensity  readings  taken  at  the  11  locations  along  the  wrapped  line, 
at  each  of  the  designated  frequencies.  The  slope  of  the  attenuation 
curve  (.458)  is  very  nearly  the  square  root  of  frequency;  this  was 
suggested  by  an  earlier  study^  of  attenuation  by  a  long,  wrapped  con¬ 
ductor  isolated  in  space,  part  of  which  is  reproduced  in  Appendix  A. 

The  attenuation  of  this  line  is  significantly  greater,  with  the  nei<r, 
wrapped  conductor  in  place,  than  with  the  original  untreated  line. 

The  dispersion  of  the  readings  in  the  audio  frequency  range 
(Figure  20),  where  the  attenuation  is  much  less  for  the  wrapped  line, 
is  considered  to  result  from  standing  waves  and  from  taking  measurements 
at  a  limited  number  of  locations.  Hov.’ever,  even  in  this  low  range  of 
frequencies,  the  attenuation  by  the  lossy  line  is  equivalent  to  that 
of  the  bare  line  at  frequencies  10,000  times  higher.  Although  measure¬ 
ments  were  made  at  30  and  60  cycles  per  second,  the  dispersion  was  large, 
and  the  resulting  attenuation  slopes  were  too  low  to  be  shown  on  this 
graph. 


VII.  CONCLUSIONS 

This  newly  developed  line  should  be  very  useful,  in  reducing 
power  line  noise  to  ambient  level,  where  two  or  three  miles  or  more  of 
line  are  available  for  installation  of  an  Isolating  section  of  this 
wrapped  conductor. 

Although  the  Fort  Huachuca  test  was  conducted  with  #6AWG 
conductor  wrapped  with  a  7-mils-thick  tape,  and  installed  on  a  13.2  KV 
line  there  is  no  indication  that  other  conductor  sizes  and  tape  thicknesses 
could  not  be  used,  and  installed  on  lines  of  different  voltage.  The  cost 
of  this  particular  developmental  line  was  approximately  $1,000  per  mile 
of  conductor,  and  was  fabricated  for  the  Laboratory  by  Genistron, 
Incorporated,  Los  Angeles,  California.  Future  purchases  of  this  line 
will  specify  an  extruded  (rather  than  wrapped)  insulation  coating  at  an 
•n[^p<ted'  reduction  in  price,  with  an  anticipated  improvement  in 
mechanical  strength,  and  with  improved  wear  and  corrosion  resistance. 

VIII .  RECOMfENDATlONS 

It  is  recommended  that,  during  the  preliminary  design  stages 
of  new  power  installations  for  el  ectromagnetically  sensitive  areas,  an 
ambient  noise  survey  be  conducted  in  the  area.  The  survey  should  cover 
the  broad  frequency  spectrum  and  include  any  specific  frequencies  to  be 
used  at  the  cite.  To  be  most  effective,  it  should  monitor  over  24-hour 
periods,  and  should  represent  sample  measurements  throughout  the  year. 
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This  will  establish  the  minimum  noise  level  for  later  interference 
control  measures,  further,  in  designing  these  new  installations,  power 
distribution  lines  should  be  considered  as  antennas  and  be  arranged  so 
that  sensitive  equipment  layouts  will  not  lie  in  the  path  of  the  main 
lobes  of  these  antennas.  Where  noisy  electrical  equipment  must  be 
included  in  the  area,  provisions  should  be  made  for  containing  it  in 
an  isolated  shielded  enclosure  with  filtered  power  connections,  or 
with  blocking  filters  in  the  line. 

It  is  also  recommended  that  any  overhead,  high-voltage, 
distribution  lines  be  constructed  with  radio-freed  insulators  and 
non-metallic  crossarra  braces,  and  be  strung  with  special  lossy  conductors 
such  as  described  in  this  report. 
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Appendix  A 


DERIVATION  OF  INTERNAL  IMPEDANCE  FOR  CYLINDRICAL 
COPPER  CONDUCTOR  COATED  WITH  HIGH-MU  MATERIAL 

*Reprinted,  with  additions,  from  NCEL  TR-062 


The  internal  impedance  per  unit  length  for  a  cylindrical  con¬ 
ductor  is  defined  as  the  ratio  of  the  tangential  component  of  the  electric 
field  ct  the  outer  surface  to  the  total  current  in  the  conductor;  thus, 


(6) 


M,=  permeability  of 
permeability  of 
=  conductivity  of 
=  conductivity  of 


coating 

conductor 

coating 

conductor 


where  b  is  the  outer  radius  of  the  high-ybc  coating  as  shovm  in  the 
schematic  above.  Field  and  current  components  are  expressed  in 
cylindrical  coordinates,  r,  <^^2.;  the  2  axis  is  parallel  to  the  axis 
of  the  conductor. 


Expressions  for  Ejj.  and  I  are  found  by  solving  the  second- 
order  partial  differential  equation  for  the  current  in  the  conductor. 
This  differential  equation  is: 

^7  C  =  J  ^  C7) 


Wher^/.<,  and  0~  are  the  permeability  and  conductivity  of  the  conductor 
and  C  =  current  density  (amperes  per  unit  area).  In  solving 

Equation  7  it  is  assumed  that 

s/az  =  o 
^/dip  =  o 

~  O 
=  O 
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Therefore,  in  cylindrical  coordinates, 


!i|_+  -L  +  T^^iz:  -O 

Ir^  ^  r  <j|r 


T= 


A  o'eneral  solution  of  this  differential  equation  is 


\*  I 

i,  =  AJoftr)  +  BHo  (tr) 


where  (Tr)  and  ^  (Tr)  are  the  zero-order  Bessel  and  Hankel 

functions  of  the  first  kind  respectively. 

In  the  copper  (region  2),  the  constant,  B,  must  vanish  Si.nce 
Ho^^^(Tr)  is  infinite  at  r  =  o,  so  that 

'Z^=A2  JoC'^e'') 

•z.=  A.  Jc(T.r)+B.Ho  (r.r)  ^ 

where  Ta  =  (-J j  T,  ~  <^t) 


It  is  necessary  to  compute  only  the  ratio,  order  to  find 

This  ratio  is  found  from  the  conditions  at  the  boundary  between  regions 
1  and  2,  Since  the  tangential  components  of  ii  and  I!  must  be  continuous 
at  this  boundary,  we  can  write 


~  [*£^2 

*“  ^r=a  L  'Jr=a 


K].-_a= 


Then,  since  .... 

and 

we  have 

A,Jo(t,a)  +  B,Ho(r,a) 


y^Az 


(12) 


T, 


A,Jo(T,a)  +  6Ho  (f,a) 


whe  re 


Jo  (t^^)  = 


d  Jo(Tr) 
<^(Tr) 


Hence,  dividing  and  rearranging,  we  get  the  £ollov;ing: 


For  large  values  of  the  argument , T h ,  the  expression  in  brackets 
to  j .  Hence , 

r_  1  j  „  . 

L^sJx,b-K»o  Zirb-f^  ”  cis) 


reduces 
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Zs  mey  also  be  expressed  as 


Appendix  B 

DERIVATION  OF  ANTENNA  POWER  DELIVERED  TO  LOAD 


Any  electromagnetic  wave  collector  or  antenna,  such  as  a  power 
line,  can  be  considered  a  collecting  device  that  delivers  energy  from 
the  incident  wave  to  a  terminating  impedance.  This  is  suggested  in  the 
following  diagram,  with  its  accompanying  equivalent  circuit: 


X 


where  Z^.  =  complex  load  impedance 


Zg  =  complex  antenna  impedance 

V  =  voltage  induced  by  the  field  of  the  passing  electromagnetic  wave 


This  will  mpoducc  a  current  1  through  the  terminating  impedance 
Zt  according  to^=  "I'sre  I  and  V  are  effective  or  rms  values.  (IS) 

The  antenna  and  terminating  impedances  considered  in  this  fashion 
are  usually  complex: 

=  f^OL  +-  i  XcL  (19) 


- 1  =  Rt  +  i  X- 


(20) 


The  antenna  resistance  Rg  may  be  further  divided  into  two  parts 

Rcl^  Rr  +■  Rv-.  (21) 

Here  Rj.  will  be  considered  a  radiation  resistance  which  is  useful  in 
determining  the  real  power  radiated  or  scattered  by  the  antenna,  and  P, 
is  the  loss  resistance  from  which  the  real  jjower  or  heat  loss  in  the 
antenna  can  be  calciilatcd.  This  particul ar ' 1 oss  resistance  is  the 
significant  factor  which  increases  considerably  v;hen  the  conductor  is 
wrapped  with  a  h igh-perroeabil ity  tape  to  attenuate  interference. 
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INTERFERENCE  SUPPRESSED  POWER  LIIC-SECTION 
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Power  Current  in  ^ispii 

Pigure  3.  Current  Sffects  on  Attenuation  For  Test  Piece, 
Fort  Bnachuca  Line  Installation. 
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?re(iu.enc7  in  Megacycles 

Jigure  7.  Bare  Line  Attenuation  From  Iiapedanoe  Measurements 


■ire  9.  Characteristic  Impedance  and  Phase,  Tftrapped  Line 
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Figure  12.  Power  Line  Insertion  Filter  Damage 
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•1  1  10  100 
Troquency  In  Megacycles 

Figure  13.  Power  Line  Noise  Survey,  January  1961. 
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Fig.  14  Impulse 
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Frequency  In  Megacycles 

Figure  15.  Electrical  Field  Intensity  Measurements  With  Koise  Generators, 
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SVequency  la  Megacycles 

Figure  16.  Electrical  Field  Intensity  Measurements  With  Eolse  Ckmerators,  II 
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I^eq.uency  in  Meeaeyelee 

Ilgure  17.  Slectrlcal  Field  Intensity,  Profile  With  Distance 


Figure  18.  Electrical  Field  Intensity,  Profile  With  Distance  Fron  Line  II 
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ig.  22  Earth  Resistivity  Measurement  Diagram 
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Figure  23.  Cnlcuiated  Curyee,  Tape  Tkickaetis  versus  A  C  Resistance. 
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SKIN  CUREENT  PROBES 


J.  F.  Fischer,  Jr. 

Genistron,  Incorporated 
Los  Angeles,  California 

Abstract.  -  In  order  to  map  dc  and  low  frequency  currents  flowing  on  metallic 
surfaces  the  development  of  probes  from  dc  to  15  kc  was  carried  out.  The 
investigations  were  laid  out  to  determine  the  distortions  created  by  the  probes 
as  well  as  tnelr  sensitivities.  The  relative  directivity  of  the  ac  probe  was 
determined.  The  dc  probe  utilizes  a  Hall  Effect  sensor,  and  the  flux  collector 
parameters  were  investigated  to  give  an  optimum  design.  A  technique  for  deter¬ 
mining  the  exact  magnitude  of  current  flawing  in  a  skin  is  described,  and  a 
series  of  measurements  indicate  that  less  than  a  10%  error  is  incurred. 

I.  INTRODUCTION 

Due  to  the  increasing  need  for  a  device  capable  of  measuring  skin 
currents  for  Interference  control  purposes,  a  program  for  developing  such  a 
probe  was  initiated. 

For  the  purposes  of  this  report,  a  skin  current  probe  will  be  defined 
as  a  device  capable  of  producing  an  output  signal  when  subjected  to  a  current 
flowing  on  a  metallic  surface.  The  output  signal  will  be  proportional  to  this 
current  flow. 

Investigation  of  earlier  skin  current  probes  indicate  that  devices 
of  this  type,  (principally  small  loop  probes),  have  been  used  mainly  to  deter¬ 
mine  relative  values  of  skin  currents  at  different  positions  on  a  surface,  or 
to  compare  the  relative  output  of  various  methods  of  feeding  energy  to  a  sur¬ 
face.  Mapping  of  current  distributions  on  the  surface  of  aircraft  and  missiles 
and  comparison  of  these  current  maps  for  various  types  of  antennas  causing  the 
currents  was  the  primary  concern  of  these  previous  investigations. 

The  techniques  utilized  in  these  measurements  indicate  that  uncertainty 
of  the  influence  of  the  presence  of  the  probe  and  its  method  of  insertion 
create  the  primary  problems  associated  with  the  techniques. 

D.C.  currents  and  alternating  currents  up  to  15  kc  will  be  considered 
in  this  development. 


II.  KNOWN  FIELD 

In  order  to  develop  skin  current  measuring  devices,  it  was  considered 
necessary  to  have  a  known  distribution  of  current.  Then  the  distorting  effects, 
created  by  the  probe  on  the  field  could  be  analyzed. 

The  following  is  not  considered  to  be  proof,  but  merely  a  restatement 
oi  facts  that  have  been  proven  in  many  texts  on  electromagnetic  fields,  and  are 
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restated  to  indicate  the  theory  utilized  to  establish  a  known  field.  In  a 
uniform  dielectric  or  magnetic  medium,  the  electrostatic  and  magnetic  potentials 
satisfy  Laplace's  equation.  There  is  thus  a  close  analogy  between  the  field 
and  boundry  equations  in  electrostatics,  magnetostatics,  and  steady  current  flow. 
Therefore,  the  solution  of  any  problem  in  one  of  these  three  will  give  the 
solution  of  the  corresponding  problem  in  either  of  the  remaining  two. 

In  setting  up  a  known  field,  the  case  of  two  electrodes  of  excellent 
conductivities  immersed  in  a  uniform  conducting  medium  will  be  considered. 

Taking  advantage  of  the  previous  paragraph,  the  solution  of  this  case  may  be 
obtained  from  that  of  an  analogous  electrostatic  problem,  of  two  point  charges, 
of  equal  magnitude  and  opposite  sign.  The  family  of  equipotential  lines  close 
to  the  charges  are  almost  spheres,  then  become  pear  shaped  with  the  pointed 
section  outward.  The  plane  perpendicular  to  and  bisecting  the  center  line  is 
also  an  equipotential  surface.  The  field  lines  of  the  electrostatic  problem 
will  be  equivalent  to  Che  current  lines  in  a  conducting  material. 

The  magnetic  field  associated  with  this  current  flow  must  be  con¬ 
sidered  since  Che  pickup  devices  used  will  be  sensitive  to  the  magnetic  field 
or  field  density.  This  presents  no  serious  problem  since  the  magnetic  inten¬ 
sity  at  any  point  due  to  a  current  flowing  in  a  linear  conductor  is  proportional 
to  the  intensity  of  the  current. 

Maxwell's  equations  for  an  alternating  current  show  that  the  magnetic 
field  will  decrease  with  increasing  depth  from  the  surface.  If  the  magnetic 
field  is  static,  the  magnetostatic  field  will  be  the  same  in  the  conductor  as 
it  would  be  in  a  non-conductor  of  the  same  permeability.  As  the  frequency 
increases,  external  a.c.  magnetic  flux  lines  approaching  a  perfect  conductor 
will  not  penetrate  its  surface,  but  will  bend  away  and  pass  tangentially. 
Therefore,  two  electrodes  (one  a  source  and  one  a  sink)  passing  a  steady  current 
through  a  uniform  conductor,  will  produce  a  current  distribution,  having  con¬ 
stant  magnitudes,  of  circular  arcs  between  the  electrodes.  The  electric 
potential  lines  are  orthogonal  to  those  of  the  current  lines.  The  flow  of 
currents  in  a  conducting  media  when  the  electromagnetic  fields  are  variable  will 
also  be  considered,  but  they  will  be  such  that  the  displacement  current  is 
negligible.  This  condition  will  be  satisfied  as  long  as  the  electromagnetic 
fields  are  ''arying  relatively  slowly.  The  error  in  neglecting  displacement 
current  for  the  frequency  range  considered  in  this  development  is  negligible, 
since  the  highest  frequency  considered  was  15  kc. 

Two  electrodes  with  equal  and  opposite  charges  separated  by  air  is 
equivalent  to  the  two  electrodes  in  a  conducting  medium.  The  field  lines  of 
the  electrostatic  problem  are  equivalent  to  the  current  lines  in  the  conducting 
material. 


The  field  lines  are  defined  by: 

a)  Qji  cos  cos  4)^  =  K 
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Thus  using  this  equation,  the  theoretical  magnitudes  at  any  point  from  the 
electrodes  can  be  determined.  Figure  #1  Indicates  the  coordinate  system  and 
an  example  demonstrates  the  method  used. 

The  arc  drawn  that  cuts  Qj,  P,  Q2  will  exhibit  at  any  point  on  its 
locus  the  same  relative  magnitude  compared  to  the  referenced  straight  line 
between  the  and  Q„.  Setting  up  a  series  of  arcs  terminating  on  the  elec¬ 
trodes  will  enable  the  determination  of  the  theoretical  values  at  many  places 
on  the  conducting  skin. 


Ill.  A.C.  PROBE  DEVELOPMENT 

Initial  measurements  in  the  30  cps  to  15  kc  region  were  started 
with  a  small  loop  feeding  an  NM-40  receiver.  The  method  of  generating  the 
skin  currents  is  shown  in  Figure  #2.  A  copper  skin  12"  x  20"  with  electrodes 
6  inches  from  each  edge  was  utilized.  However,  measurements  with  this  loop 
were  discontinued  because  of  insensitivity  below  200  cps.  Measurements  were 
resumed  utilizing  an  air  core  winding  with  as  many  turns  as  practicable  on  a 
1/4"  cube  bobbin.  Approximately  10,000  turns  of  number  50  wire  was  placed  on 
the  bobbin  and  measurements  were  again  resumed.  These  measurements  were  un¬ 
satisfactory  because  the  magnetic  fields  associated  with  the  leads  that  made 
up  the  electrodes  were  of  such  magnitude  as  to  produce  a  considerable  probe 
output  and  obscure  the  contribution  produced  by  the  skin  currents.  These 
effects  manifested  themselves  in  the  form  of  asymmetrical  pickup  by  the  probe. 
That  is,  180®  orientation  of  the  winding  from  its  position  of  maximum  pickup 
did  not  result  in  the  same  readings.  Maximum  reduction  of  these  effects  was 
achieved  by  increasing  the  size  of  the  metallic  surface  to  a  3'  x  6'  sheet  of 
aluminum  on  which  the  electrodes  were  placed  on  the  short  dimension  2  feet 
apart.  In  addition,  the  electrode  leads  were  encased  in  iron  conduit  which 
had  a  wall  thickness  of  1/8".  To  further  reduce  any  anomalies  the  10,000 
turn  winding  was  encased  in  a  mu-metal  shield  that  was  open  in  the  direction 
of  the  skin  under  test.  This  shield  also  provided  isolation  from  fields  set 
up  by  currents  in  devices  other  than  the  skin  under  observation.  To  further 
reduce  anomalies  in  any  measurements  due  to  electrostatic  effects,  the  open¬ 
ing  in  the  mu-metal  shield  was  covered  with  copper  0.005  inches  thick. 

Alteration  of  the  fields  from  their  true  value  due  to  the  proximity 
of  the  loop  and  its  shield  were  considered,  and  a  disk  of  Teflon  1/2"  thick 
was  made  part  of  the  probe  to  separate  it  from  the  skin.  This  also  enabled 
the  measurements  to  be  made  with  some  uniformity  by  providing  a  known  sepa¬ 
ration  between  the  loop  and  skin.  An  outline  of  the  entire  probe  and  its 
components  are  shown  in  Figure  #3. 

Mapping  of  one-half  of  the  3'  x  6’  skin  with  the  10,000  turn  probe 
was  done  at  70  cps,  1  kc,  and  15  kc.  All  these  measurements  indicated  the 
relative  current  distribution  to  be  approximately  the  same.  The  measurements 
are  shown  in  Figures  4,  5,  and  6.  The  area  inside  the  dotted  curves  (on 
Figures  4,  5,  and  6)  which  roughly  correspond  to  the  maximum  distance  from 


the  electrodes  and  the  edges  of  the  metal  surfaces^  exhibit  magnitudes  which 
differ  from  the  theoretically  predicted  by  one  db  or  less.  In  fact,  at 
approximately  the  geometric  center  of  the  half  sheet,  the  current  magnitudes 
were  as  theorectically  predicted.  This  further  indicated  that  deviations 
from  the  theoretical  were  due  to  the  fields  from  the  electrode  leads,  and  the 
concentration  of  currents  on  the  edges. 

The  mapping  indicated  that  current  magnitudes  were  approximately  as 
expected.  The  heaviest  concentration  being  along  each  edge  of  the  skin. 

This  concentration  most  likely  occurs  because  the  lines  of  current  are  forced 
to  flow  along  the  edge  until  they  regain  their  natural  path.  Theoretically, 
if  this  edge  did  not  exist  (infinite  sheet)  no  bunching  would  occur. 

In  order  to  further  substantiate  the  accuracy  of  the  measurements, 
a  small  winding  was  fixed  in  one  place  above  the  skin.  Its  output  was  moni¬ 
tored  before  and  after  the  test  probe  was  placed  in  the  near  vicinity.  The 
output  of  the  fixed  winding  varied  less  than  0.5  db  even  when  the  test  probe 
was  moved  to  within  1/8"  of  the  fixed  probe.  These  measurements  were  made 
at  70  cps,  1  kc,  and  15  kc.  Therefore,  it  is  concluded  that  any  field  distor¬ 
tions  created  by  this  probe  are  negligible  over  this  frequency  range,  and  that 
the  current  distributions  mapped  are  truly  representative  of  the  actual  dis¬ 
tribution. 


Measurements  were  then  conducted  to  determine  the  relative  directi¬ 
vity  of  the  probe.  This  measurement  was  carried  out  in  order  to  determine 
the  directional  characteristics  of  the  probe  and  the  degree  of  shielding  from 
magnetic  fields  generated  away  from  the  skin. 

The  measurements  were  conducted  utilizing  as  a  source,  the  magnetic 
field  generated  by  a  current  in  a  winding  of  small  dimensions.  The  skin 
current  probe  was  then  set  up  as  a  receiver.  The  size  of  the  source  and  the 
distance  separating  the  source  from  the  receiver  were  of  such  magnitude  that 
the  magnetic  field  could  be  considered  emanating  from  a  point  source,  which 
provided  a  uniform  field  across  the  aperture  of  the  skin  current  probe. 

The  probe  was  set  up  on  a  mount  that  could  be  rotated  horizontally 
about  one  point  through  360°.  The  coordinates  of  this  system  are  such  that 
the  zero  degree  position  occurs  when  the  probe,  oriented  about  a  vertical 
axis,  has  the  aperture  of  the  mu-metal  shield  pointing  directly  at  the  source. 
The  180°  position  occurs  when  the  mu-metal  aperture  is  pointing  directly  away 
from  the  source.  The  90°  and  270*  positions  are  then  perpendicular  to  each 
side  of  the  probe. 

With  the  source  emergized  and  the  probe  in  the  0  degree  position, 
the  probe  was  then  rotated  about  a  horizontal  axis  to  obtain  maximum  pickup 
or  proper  polarization.  Then  the  relative  output  of  the  probe  was  recorded 
for  every  15°  of  rotation  about  the  vertical  axis.  These  measurements  were 
performed  at  100  cps,  1  kc,  and  15  kc  and  are  shown  in  Figures  7,  8,  and  9, 
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The  measurements  indicate  that  over  the  low  frequency  portion  of  the  spectrum, 
diffraction  around  the  mu-metal  "-hield  occurred,  so  that  only  about  10  db  of 
shielding  was  achieved  from  the  120  to  the  240  degree  positions.  This  would 
correspond  to  10  db  of  shielding  for  any  fields  coming  from  30  to  90  degrees 
above  the  skin  under  test.  The  pickup  was  definitely  from  diffraction  because 
placement  of  a  magnetic  shield  over,  but  not  touching,  the  copper  aperture 
dropped  the  signal  intensity  to  the  ambient  of  the  NM-40  receiver.  The 
deepest  nulls  that  occurred  were  near  the  90  and  270  degree  positions,  and 
were  the  result  of  attenuation  provided  by  the  shield.  These  positions  would 
normally  correspond  to  a  winding  orlentatlcn  such  that  the  greatest  number  of 
turns  would  be  cut  by  the  magnetic  field.  Thus,  without  this  shield  the 
greatest  output  would  result  at  the  90  and  270  degree  positions. 

At  15  kc,  the  pattern  shows  a  decrease  in  the  diffraction  effect 
due  to  an  increase  amount  of  shielding  from  90  to  270  degrees.  Also,  the 
increased  output  at  45®  from  the  0®  position  indicates  that  at  these  higher 
frequencies  the  shield  does  not  alter  the  primary  directivity  of  the  winding, 
until  a  greater  amount  of  the  shield  is  physically  interposed  between  the 
source  and  winding. 

Due  to  the  directivity  and  close  proximity  of  this  probe  to  any 
skin  under  test,  any  measurement  made  of  skin  currents  should  be  fairly 
accurate. 


An  effort  was  made  to  increase  the  degree  of  shielding  from  external 
fields  by  placing  the  winding  deeper  within  the  mu-metal  can.  Unfortunately, 
the  degree  of  attenuation  in  the  desired  pickup  directions  was  increased  also. 

A  larger  diameter  shield  may  have  reduced  this  effect;  however,  the 
increased  distortion  of  the  field  because  of  the  greater  surface  area  was 
considered  to  be  more  detrimental  than  the  possibility  of  anomalies  created 
by  external  fields. 


IV.  D.C.  PROBE  DEVELOPMENT 

The  characteristics  of  a  Hall  Effect  generator  appeared  to  have 
promise  as  a  d.c,  skin  current  probe.  The  first  measurements  were  hampered 
by  the  lack  of  a  sufficiently  sensitive  detector.  However,  a  Hewlett-Packard 
type  425AR  d.c.  microvoltmeter  provided  the  ability  to  carry  out  the  measure¬ 
ments  when  the  Hall  sensor  output  was  at  least  onemicrovolt. 

Measurements  were  started  with  an  Ohio  Semi-Conductor  HS-51  Indiun 
Antimonide  sensor.  However,  upon  application  of  a  d.c.  control  current,  an 
output  of  approximately  0.3  mv  was  obtained  without  any  skin  current  flowing. 
This  output  was  determined  to  be  due  to  the  resistive  zero  component  (units 
of  r_  =  volts/amps)  and  not  due  to  an  external  magnetic  field.  The  output, 
which  exists  without  an  external  magnetic  field,  is  caused  by  the  physical 
configuration  of  the  Hall  generator  (the  bias  current  develops  a  voltage 


713 


gradient  between  the  Hall  output  terminals).  The  magnitude  of  this  unwanted 
output  may  be  reduced  by  careful  manufacturing  techniques.  Other  sensors 
were  investigated  and  a  Siemens  FA-24  sensor  indicated  the  lowest  resistive 
zero  component^  which  had  a  magnitude  of  23  microvolts. 

Siemens  literature  also  indicated  a  method  of  compensating  for 
the  resistive  zero  component  by  external  circuitry.  However,  the  Hewlett- 
Packard  425AR  has  a  meter  which  is  set  at  zero  in  its  center  position.  There¬ 
fore,  the  resistive  zero  component  was  zeroed  out  with  the  meter's  control 
circuit  rather  than  the  external  circuitry  indicated  by  Siemens.  In  all 
measurements  with  the  FA-24,  a  d.c.  control  current  of  230  milliamperes  was 
used.  This  was  a  compromise  between  sensitivity  and  the  amount  of  resistive 
zero  output. 

Sensitivity  of  the  FA-24  was  such  that  one  microvolt  of  Hall  output 
corresponds  to  approximately  0.05  gauss.  Mapping  of  the  d.c.  field  created 
by  two  electrodes  mounted  2  feet  apart  on  a  3*  x  6*  sheet  of  aluminum  was 
carried  out  first.  This  was  done  with  an  FA-24  sensor  alone.  No  flux  collect¬ 
ors  were  used  to  increase  the  sensitivity.  However,  in  order  to  provide  field 
magnitudes  somewhat  in  excess  of  the  minimum  measurable,  a  total  of  320  anperes 
flowing  in  the  skin  was  required.  The  results  of  these  measurements  are  shown 
in  Figure  #10.  Here  again,  as  in  the  a.c.  measurements,  the  fields  from  the 
electrode  leads  and  bunching  of  ciurrents  along  the  edges  of  the  sheet  create 
anomalies  such  that  the  measured  magnitudes  did  not  always  correspond  to  those 
theoretically  predicted.  However,  Inside  the  dotted  areas  of  Figure  #10,  the 
measured  relative  magnitudes  are  within  one  db  of  the  theoretical. 

Some  effort  was  exerted  to  improve  the  sensitivity  by  utilizing 
flux  collectors.  The  materials  used  were  Hy-Mu  800,  and  General  Ceramic's 
Q-1  Ferrite.  Carpenter  Steel  Compemy  manufactures  Hy-Mu  800.  It  is  a 
vacuum  melted  material  consisting  of  nickel  and  molybdenum  balanced  iron. 

The  FA-24  sensor  has  a  length  of  3/4"  and  a  width  of  3/8",  and  the  Hy-Mu  800 
in  the  form  of  0.004"  laminations  were  stacked  to  the  sensor's  dimensions. 

The  length  of  the  collectors  were  then  varied  from  4.5"  to  9".  The  gains 
vary  from  27  db  to  35  db.  These  gain  values  were  determined  by  utilizing  the 
field  created  by  2  large  permanent  magnets  set  3  feet  apart.  The  method  of 
determining  the  gain  was  to  place  the  Hall  sensor  by  itself  exactly  half-way 
between  the  poles  and  measure  the  Hall  output.  Next,  the  flux  collectors 
were  added,  and  with  the  Hall  sensor  at  its  original  position  the  Hall  output 
was  again  measured.  The  ratio  of  these  two  readings  yielding  the  gain. 

The  leuninations  making  up  the  flux  collector  were  held  in  place  by 
a  rectangular  fiberglass  tube.  The  sensor  was  placed  in  the  center  and  each 
half  of  the  flux  collector  was  butted  up  against  it  as  tightly  as  possible. 

No  attempt  was  made  to  make  the  collector  of  larger  cross  sectional  area  and 
taper  down  to  the  dimensions  of  the  sensor. 

In  order  to  determine  some  of  the  factors  involving  flux  collector 
gain  an  investigation  of  various  collector  parameters  was  carried  out.  The 
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General  Ceramic  Q-1  Ferrite  material  used  as  a  collector  was  in  the  form  of 
1/4"  O.D.  rods.  The  gain  versus  length  was  studied  and  was  found  to  vary 
from  22  db,  for  a  length  of  one  inch  each  side  of  the  sensor,  to  38  db  for 
a  length  of  12-1/2"  each  side  of  the  sensor. 

The  outer  diameter  of  the  flux  collector  was  varied  while  holding 
the  length  constant.  However,  no  change  in  gain  was  noted.  Thus,  it 
appears  that  no  significant  Improvement  in  gain  will  result  once  the  active 
portion  of  the  Hall  sensor  is  covered  with  the  collector  material. 

Another  conclusion  reached  is  that  the  Hy-Mu  800  material,  having 
a  higher  permeability  than  Q-1,  yields  a  higher  flux  collector  gain  for  the 
same  length  of  material.  A  comparison  of  the  Hy-Mu  800  flux  collector  gains 
and  the  Q-1  gains  are  shown  in  Figure  #11. 

Mapping  with  a  Hy-Mu  800  collector  having  a  total  length  of  6"  and 
a  gain  of  30  db  could  then  theoretically  be  accomplished  with  10  amperes  of 
d.c.  current  flowing  in  the  3'  x  6’  sheet  of  aluminum.  This  would  correspond 
to  sensing  magnetic  fields  as  lew  as  about  1.5  x  10"*3  gauss. 

Measurements  using  the  Hy-Mu  800  6"  collector  were  carried  out  with 
47  amperes  of  total  current  flowing  in  the  skin.  These  measurements  are 
shown  in  Figure  #12,  and  exhibit  about  the  same  characteristics  as  those 
taken  with  the  sensor  alone.  Again,  inside  the  dotted  area,  agreement  between 
relative  measured  magnitudes  and  those  theoretically  predicted  were  within  one 
db  of  each  other. 

Distortion  of  the  magnetic  field  with  the  Hall  sensor  alone  should 
have  been  at  the  very  minimum  possible.  All  mapping  was  carried  out  with 
the  sensor  0.75"  above  the  skin.  Since  the  mapping  carried  out  with  the 
flux  collector  had  the  same  general  characteristics,  it  is  considered  that 
the  distortion  of  the  field  was  not  significant  at  this  height  above  the  skin. 

Further  investigation  of  the  distorting  effects  of  the  collector 
were  carried  out.  This  consisted  of  placing  a  Hall  sensor  flat  against  the 
skin  and  monitoring  its  output  while  the  collector  was  moved  to  various 
positions  adjacent  to  the  sensor.  The  maximum  alteration  of  the  sensor  out¬ 
put  occurred  with  the  middle  of  the  sensor  0.75"  directly  above  the  sensor. 
This  deviation  in  output  was  about  b.57i,  which  corresponds  roughly  to  a  0.75 
db  change.  Therefore,  the  current  distributions  do  not  appear  to  be  severely 
altered,  and  accurate  mapping  of  d.c.  fields  can  be  carried  out  with  this 
probe. 


It  appears  that  any  increase  in  sensitivity  will  have  to  come  from 
an  increased  output  of  the  Hall  device  or  increased  sensitivity  of  the  detec¬ 
tor.  Increase  in  flux  collector  size  is  not  desirable  because  of  the  increased 
distortion  caused  by  the  probe  and  because  mapping  of  small  increments  of  area 
will  not  be  possible.  Also,  increased  sensitivity  will  also  lead  to  inaccura¬ 
cies  caused  by  the  earth's  magnetic  field. 
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V.  MAPPING  OF  HIGHER  PERMEABILITY  SKINS 


An  investigation  was  carried  out  to  determine  whether  the  skin 
current  probes  (both  d.c.  and  a.c.)  developed  would  have  a  change  in 
sensitivity  and/or  capability  of  accurately  mapping  a  metallic  skin  having 
a  permeability  greater  than  aluminum  or  copper.  A  soft  iron  skin  having 
dimensions  1/16"  x  3*  x  6*  was  energized  with  current  flow  between  two 
electrodes. 

Mapping  at  both  d.c.  and  a.c.  was  again  carried  out  with  the 
probes  that  had  previously  been  described. 

A  total  of  50  amperes  of  direct  current  was  passed  through  the 
skin^  and  the  mapping  with  the  d.c.  probe  is  shown  in  Figure  #13. 

The  anomalies  created  by  the  edges  of  the  skin  and  the  electrode 
fields  were  still  present;  however,  the  data  inside  the  dotted  curve  agrees 
to  within  1  db,  or  less,  with  that  theoretically  predicted.  No  decrease  in 
sensitivity  was  noted.  The  capability  of  measuring  d.c.  magnetic  fields  as 
low  as  1.5  X  10“^  gauss  appears  to  be  possible  no  matter  what  permeability 
the  skin  has. 

Mapping  with  the  a.c.  probe  was  carried  out  at  100  cps,  1  kc,  and 
15  kc.  These  measurements  are  shown  in  Figures  14,  15,  and  16.  The  mapped 
areas  inside  the  dotted  curves  yield  approximately  the  same  results  as  with 
the  aluminum  skin.  No  degradation  of  sensitivity  was  noted. 

VI.  DETERMINATION  OF  ABSOLUTE  CURRENT  FLOW 


In  order  to  measure  the  absolute  magnitude  of  a.c.  current  in  a 
skin,  the  transfer  impedance  of  the  10,000  turn  probe  was  determined  by 
placing  a  known  current  through  a  strip  of  copper  which  had  the  same  width 
as  the  probe  aperture.  The  probe  was  oriented  for  maximum  pickup  and  then 
its  Teflon  spacer  was  placed  directly  against  the  copper  strip.  The  values 
of  transfer  impedance  in  db  above  1  ohm  are  shown  in  Figure  #17. 


The  sensitivity  of  the  10,000  turn  probe  was  determined  from  the 


measured  values  of  transfer  impedance  and  voltage  output, 
and  15  kc,  the  sensitivity  of  the  probe  is  respectively  i. 
X  1 0“^,  and  1.25  x  10”^  gauss. 


At  100  cps,  1  kc, 
25  X  10“ 3,  1.25 


Theoretically,  it  is  possible  to  determine  the  total  current  flow 
by  summing  the  absolute  readings  taken  of  each  skin  segment.  Stoddart  Air¬ 
craft  Company,  in  their  final  report  for  the  U.  S.  Navy  (Contract  NB8-3189) 
carried  out  an  investigation  of  this  kind  in  the  R.F.  region. 


The  method  here  is  to  simply  move  the  probe  from  one  side  of  the 
skin  to  the  other  in  jumps  equivalent  to  the  probe's  aperture,  and  perpendi¬ 
cular  to  the  general  direction  of  current  flow.  This  particular  investigatiui 
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required  75  readings  since  the  probe  aperture  covered  slightly  less  than 
one  inch  segment  of  the  skin  under  test^  which  had  a  total  of  6  feet.  A 
total  current  of  one  ampere  was  calculated  to  have  been  flowing  in  the  skin. 
The  summation  of  these  readings  Indicated  a  measured  value  of  0.91  amperes. 
Some  of  this  error  occurred  because  of  the  difficulty  in  positioning  the 
probe  without  over-lapping  or  skipping  part  of  a  skin  segment.  However,  a 
9%  error  is  not  considered  objectionable,  and  the  probability  of  increased 
accuracy  when  mapping  a  smaller  skin  is  plausible. 

The  frequency  of  these  measurements  was  1  kc.  The  method  of 
carrying  of  these  measurements  is  shown  in  Figure  #18.  The  ability  to  deter¬ 
mine  the  absolute  value  of  current  flowing  in  any  segment  of  skin  will  be  of 
considerable  benefit,  especially  where  certain  magnitudes  are  considered 
detrimental. 


VII.  CONCLUSION 

Within  the  sensitivities  specified  accurate  mapping  of  skin  currents 
between  d.c.  and  15  kc  may  be  carried  out.  Furthermore,  these  probes  are 
even  more  useful  since  they  have  the  ability  to  determine  absolute  values  of 
current,  which  might  be  harmful  or  detrimental, 
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Field  Equation  Is:  cos  +  Q2  cos  O2  =  K 

Let  Qj^  =  -  Q2  Qj^  =  +1  Q2  ~  “1 
Then:  cos  Gj^  -  cos  Gq  =  K 

Solving  For  K  At  Points  Such  As  P  (below)  Yields: 

Gj^  =  32°  G2  =  103° 

cos  32°  -  cos  103°  =  K 
0.85  -  (-0.23)  =  1.08  =  K 

Relative  Magnitudes  Are  Referenced  To  Straight  Line  Between  Electrodes. 

K  For  That  Line  Is: 

G^  =0°  62=  180° 

cos  0°  -  cos  180°  =  1  -(-1)=2=K 

Signal  At  P  Is  Down  By  20  log  2  /  1.08  =  -5.3  db. 

Choosing  A  Point  On  An  Arc  Between  The  Electrodes  Will  Yield  The  Relative 
Signal  Level  That  Should  Be  Present. 


Q2 

G 

Figure  ).  Sample  Calculations  For 
Theoretical  Current  Distribution 
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HP  20QA£ 
Oacillator 


McIntosh 

MC-60 

Amplifier 


To  NM-40 


Figure  2.  Set  Up  For  Generating 
Skin  Currents 
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•  Depth  of  Winding  Inside  Shield  -  1/8  in. 
Directivity  of  Skin  Current  Probe  at  100  cps 
Frequency  =  100  cps 

Figure  7.  Directivity  of  Skin  Current 
Probe  At  100  cps 
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Frequency  =  1  kc 

•  Depth  of  Winding  Inside  Shield  -  1/8  in. 
Directivity  of  Skin  Current  at  1  kc 

Figure  8.  Directivity  of  Skin  Current 
At  1  kc 
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Directivity  of  skin  current  probe  at  15  kc 
Frequency  =  15  kc 

Depth  of  Winding  Inside  Shield  1/8  In. 


Figure  9. 
At  15  kc 


Directivity  of  Skin  Current 
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flux  collector  gain  (db) 


38 


-  728  - 


St.  Line  0  db 
1st  Arc  -1.1  db 
2nd  Arc  -2.8  dt 
3rd  Arc  -4.8  db 
4th  Arc  -8.3  db 


Hy-Mn  800 
Gain  30  db 

FA-24  Siemens  Hall  Sensor 


Figure  12.  D-C  Measurements  of  Relative 
Current  At  47  Amperes 


3id  Arc  -5.0  db 
4th  Arc  -7.0  db 


Figure  13.  D-C  Measurements  of  Relative 
Current  Amplitudes  At  50  Amperes 
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734 


icy  (10,000  Turn 


Total  Current  Flow  Is  Equal  To  The  Summation  The  Readings 
Yield. 


If  The  Probe  Has  To  Be  Positioned  At  An  Angle  To  Get  An 
Integral  Number  Of  Skin  Segments,  Multiply  The  Reading  By 
(1  /  cos  8)  To  Obtain  The  True  Value  Of  Maximum  Current. 


Figure  18.  Determination  of  Absolute 
Current  Magnitudes 
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THE  INTERFERENCE  PROBLEM  ASSOCIATED  WITH 


POWER  SYSTEMS  AND  COMMUNICATION  LINES 


By 

R.  F.  Ficcki 
RCA  Service  Company 


Abstract:  The  history  of  the  problem  is  first  outlined  in  which  it  is  shown  for 
a  considerable  time  up  to  the  recent  present,  the  interference  problem  was  readily 
handled  by  inductive  coordination  committees.  In  the  U.  S.  this  included  even  the 
joint  use  of  poles  in  rural  areas.  But  the  communication  systems  that  were  in¬ 
volved  were  normally  unessential  telephone  services  which  as  long  as  the  noise 
did  not  render  voice  transmission  unintelligible  and  as  long  as  acoustical  shock 
was  avoided,  presented  no  overall  serious  problem.  With  large  extended  military 
systems  using  digital  communication  techniques,  the  problem  emerges  into  an 
entirely  different  light.  The  signal  to  noise  ratio  becomes  more  critical  and 
pulses  generated  by  unwanted  signals  can  completely  alter  the  character  of  the 
transmitted  message  so  that  erroneous  information  may  be  transmitted.  This 
problem  comes  into  sharp  focus  because  of  the  fact  that  large  ground  communication 
systems  are  being  installed  in  isolated  areas  in  which  oftentimes,  the  communication 
line  has  to  traverse  an  area,  which,  because  of  its  site  advantages,  has  already 
been  used  by  a  power  transmission  line.  An  example  of  this  is  the  use  of  a  ravine 
to  eliminate  the  need  of  crossing  over  a  high  hill  or  mountain.  A  further  con¬ 
sideration  is  the  fact  that  on  many  of  the  newer  systems,  the  communication 
line  is  buried  in  the  earth. 
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The  theory  necessary  to  determine  the  effect  of  the  p>ower  system  on  a  com¬ 
munication  line  has  been  worked  out  many  years  ago.  But  like  most  theoretical 
treatments,  it  is  necessary  to  do  considerable  improvising  to  come  up  with 
practical  working  tools  to  determine  the  effects  of  power  systems.  Empirical 
formulas  are  developed  and  their  use  is  explained.  Specific  examples  of  the  effect 
of  a  power  system  on  a  communication  line  is  worked  out.  Finally,  general  rules 
are  developed  which  will  give  guide  lines  as  to  how  this  particular  interference 
problem  can  be  minimized. 

I.  Introduction 

The  developing  needs  of  the  various  missile  programs  in  the  U.S.  have 
imposed  the  need  for  extensive  space  requirements  so  these  missile  systems  may 
be  properly  installed.  Obviously  such  extensive  space  requirements  can  only  be 
met  by  the  emplacement  of  the  Missile  systems  in  areas  of  low  population  density. 

In  this  way,  hardened  underground  sites  can  be  readily  obtained  and  no  great 
limitation  will  be  imposed  on  the  normal  conduct  of  business  in  the  affected  area. 

In  at  least  one  of  these  systems,  the  Minuteman,  these  hardened  underground  sites 
are  interconnected  by  means  of  buried  communication  cables.  These  cables 
generally  connect  from  site  to  site  using  the  most  direct  route,  with  adequate 
attention  being  given  to  the  fact  that  unusual  physical  problems  should  be  avoided 
if  possible.  If,  for  example,  to  traverse  from  f)oint  A  to  point  B  it  were  necessary 
to  cross  over  an  elevated  section  of  ground,  and  an  alternate  route  that  was  less 
direct,  but  alongside  a  road  that  skirted  this  elevation,  then  the  choice  would  be 
made  to  follow  the  road  and  avoid  the  elevation.  Generally  all  these  topographical 
situations  should  be  used  to  advantage:  roads,  valley,  ravines,  railroad  right-of- 
way,  etc.  will  be  followed.  It  would  appear  that  this  approach  would  facilitate 
the  installation  problem  and,  generally  speaking,  this  is  quite  true.  Installation 
of  a  bviried  cable  system  is  facilitated  when  every  natural  advantage  of  a  site  is 


utilized.  But  there  is  another  side  of  the  coin  that  must  be  considered:  someone 
has  been  there  before.  For  years,  the  U.  S.  has  prided  itself  on  the  fact  that 
electric  power  and  telephone  communications  has  been  brought  to  the  most  in¬ 
accessible  regions.  And  it  is  a  record  to  be  justly  proud  of;  we  do  have  rural 
electrification  and  rural  telephone  systems.  But  these  services  when  brought  to 
remote  areas  have  also  used  natural  site  advantages.  It  comes  as  no  great  shock 
that,  when  a  buried  communication  cable  is  installed  connecting  two  hardened 
sites,  it  must  traverse  an  area  whose  natural  advantages  have  already  been  utilized 
by  a  power  company.  It  is  true  that  the  cable  link  can  be  installed  along  a  road 
and  thereby  avoid  an  arduous  cross-country  path,  but  when  such  an  installation 
is  made,  the  communication  cable  path  parallels  a  high  voltage  transmission  line. 

When  a  high  voltage  transmission  line  and  a  communication  cable  are 
operated  in  close  proximity,  certain  undesirable  effects  may  be  produced  in  the 
communication  cable  which  may  interfere  with  its  intended  operation.  These 
electrical  interference  effects  can  result  in  the  malfunctioning  or  non-functioning 
of  the  communication  cable,  physical  damage  to  the  communication  cable  that  will 
degrade  its  reliability  or  intermittent  damage  which  will  develop  a  requirement 
for  more  frequent  maintenance.  Obviously,  the  most  directly  damaging  effect 
would  be  the  rendering  of  the  communication  system  inoperative  or,  at  least,  to 
cause  the  communication  system  to  operate  at  level  below  that  which  is  considered 
satisfactory  performance.  Such  electrical  interference  effects  which  appear  as  a 
result  of  extraneous  voltages  and  currents  in  a  communication  system  may  be 
minimized  by  measures  that  are  applicable  to  either  system  above  or  to  both 
systems.  In  the  situation  under  discussion,  the  measure  that  can  be  applied  to 
the  communication  systems  will  be  elaborated. 
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2. 


General  Background 


Historically,  the  interaction  of  the  electrical  effects  between  power  and 
communication  systems  has  been  known  as  the  inductive  coordination  problem. 

The  Bell  System  and  the  Edison  Electric  Institute  have  published  much  of  the  im¬ 
portant  work  in  this  field.  These  publications  represent  the  most  important 
respository  of  such  information  and  are  of  great  use  to  the  communication  and 
power  industry.  This  inductive  coordination  may  be  defined  as  the  location,  design, 
construction,  operation  and  maintenance  of  power  and  communication  systems  in 
conformity  with  harmoniously  adjusted  methods  which  will  prevent  interference. 

This  coordination  problem  becomes  more  severe  as  the  power  systems  grow  larger 
and  as  the  communications  systems  become  more  sensitive  and  their  use  more 
critical.  And  this  problem  is  very  broad:  it  includes  power  transmission  circuits, 
d-c  and  a-c  railway  signal  circuits,  the  effect  of  high  voltage  transmission  circuits 
on  low  voltage  supply  circuits,  currents  on  underground  pipe  lines,  etc.  For  the 
purposes  of  this  paper,  the  effect  of  a  power  transmission  line  on  a  communication 
system  will  be  the  case  under  consideration. 

3.  Statement  of  the  Problem 

In  the  installation  of  one  of  the  large  extended  missile  systems  it  was  found 
in  connecting  two  sites  that  the  communication  cable  had  to  traverse,  so  that  the 
installation  problems  would  be  minimized,  an  area  that  would  require  this  com¬ 
munication  cable  to  roughly  parallel  a  100  KV  power  line  for  approximately  2.7  miles. 
The  exposure  was  not  exactly  jjarallel  but  varied  as  the  contour  of  the  ground  varied. 
The  100  KV  power  system  was  an  aerial  line  supported  on  transmission  towers  as 
shown  in  Figure  I  and  was  a  3  wire  grounded  system  with  additional  characteristics 
that  it  transmitted  this  raw  power  with  the  usual  harmonics  and  variable  loading. 

The  communication  cable  is  direct  buried  multiconductor,  triple  jacketed  polyethylene 
cable  used  for  the  transmission  of  digital  messages  with  10  mil  copper  shield  and 


2-10  mil  steel  tapes.  A  cross  section  of  this  communication  cable  is  shown  in 
Figure  2.  The  expKSSure  of  this  communication  cable  system  to  the  power  system 
is  shown  in  Figure  3. 

4.  Solution  to  the  Problem 

For  any  practical  application  of  the  results  that  can  be  calculated  for  such 
an  exposure,  limiting  values  for  induced  voltage,  current,  etc.  must  be  known. 

One  would  expect  the  limiting  values  to  be  determined  by  technical  considerations 
only,  but  because  of  the  relatively  complex  mathematics  involved  to  describe 
adequately  the  physical  phenomena  under  consideration  and  because  of  the  necessity 
of  making  a  great  number  of  empirical  approximations  to  eliminate  the  difficulties 
imposed  by  the  mathematics,  limits  tliat  can  be  imposed  are  primarily  a  matter  of 
judgement  by  experts.  The  limits  that  are  used  are  those  recommended  by  the 
Directives  of  the  C.  C.  I.  F.  (Commite  Consultatif  International  Telephonique).  The 
C.  C.  I.  F.  has  specified  that  the  maximum  tolerable  interference  level  to  be 
2  Miltivolts  r.m.  s.  for  telephone  circuits.  It  was  decided  that  this  would  be  a 
satisfactory  criteria  for  the  communication  system. 

Since  this  communication  cable  is  buried  in  the  earth,  a  matter  of  prime 
consideration  is  the  determination  of  how  the  current  will  travel  in  the  surrounding 
soil  and  how  these  currents  will  affect  the  communication  cable.  The  distribution 
of  an  a.  c.  current  in  soil,  which  determines  the  mutual,  inductance  between  the 
communication  systems  and  a  power  system  with  a  ground  return  may  be  deduced 
from  Maxwell's  equations.  However,  to  simplify  these  deductions,  it  is  generally 
assumed  that  the  relative  magnetic  permiability  of  the  soil  is  unity  and  the  dis¬ 
placement  currents  are  negligible  compared  with  conduction  currents. 

To  calculate  the  inductive  interference  produced  in  the  communication  cable, 
it  is  sufficient  to  find  the  average  force  along  the  axis  of  the  communication  cable 
induced  by  the  current  flov/ing  in  the  power  system  with  a  ground  return. 
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The  first  calculation  will  be  made  to  find  the  voltage  per  unit  length 
induced  in  the  communication  cable. 

The  relationship  between  the  various  electrical  parameters  are  given 
in  the  following  formulae : 


w(rIM=-ji  (2) 

where:  w  =  2irf 

0-  =  conductivity  of  the  soil  -  .01  mho/meter 
I  =  inducing  current  in  amps  from  the  power  system 
M=  Mutual  inductance  in  H/m 
i  =  current  density  in  the  ground 

The  following  symbols  are  used  in  the  ensuing  test  and  they  are  best 
defined  at  this  p>oint.  (cf.  Figure  1) 

a  =  horizontal  distance  between  power  line  and  communication 
line  in  meters. 

b  =  Height  of  the  power  line  above  the  surface  of  the  ground 
in  meters. 

c  =  Height  of  the  communication  line  above  the  surface  of  the 

ground  in  Meters  or  for  buried  cable  as  in  this  case,  depth 
below  the  surface  of  the  ground. 

d  =  Actual  distance  between  power  line  and  communication  line 
in  meters. 

D  =  Distance  between  communication  conductor  and  image  of  the 
power  conductor  on  the  surface  of  the  ground  in  Meters. 
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Cf  =  conductivity  cf  the  soil  in  mhos  per  meter 


OJ  -  2irf 


=  4  »  X  10"^ 

o(  =  V/4o<5'c^  0<^  )  (T-f~ 

P  =  o( a.  P.  d 


Pjj  =  o/'d 


J.  R.  Carson  in  his  classical  paper  has  presented  formulas  for  cal¬ 
culating  inductive  disturbances  from  power  line  in  neighboring  communication 
lines.  He  points  out  that  at  the  time  of  writing  this  paper  that  the  problem  of 
wave  propagation  along  a  communication  transmission  line  composed  of  an  over¬ 
head  wire  parallel  to  the  surface  of  the  ground  does  not  appear  to  have  been 
satisfactorily  solved.  The  solution  that  was  presented  emerged  in  the  following 


general  equation; 


(Jj 


The  evaluation  of  the  integral  in  equation  (3)  is  an  involved  task  and  requires 
certain  assumptions  to  be  made.  Most  authorities  in  the  field  agree  that  approximate 
solutions  can  be  used  that  will  give  results  that  can  be  verified  by  field  measurements. 
In  all  of  these  approximate  formulas  0<f  =  2.  8  x  10"^  and  it  is  the  combination  of 

this  with  other  constants  that  determines  which  approximation  may  be  used.  As 
long  as  the  expression  p  180  is  always  satisfied,  this  approximatior.  of  Carson's 


formula  may  be  used: 


^  J  38/ -2 


oVi?  o  /cy  j  ^ 


"Wave  Propagation  in  Overhead  Wires  with  Ground  Return,  "  BTL  Monograph, 
B219,  November  1926. 


Authorities  agree  that  all  (b  +  c)  terms  can  be  neglected,  therefore  equation  (4) 
reduces  to: 


This  equation  (5)  is  also  valid  for  b  and/or  c  o  i.e.  for  communication  cables 
buried  in  the  coil  at  the  usual  depths  which  is  the  case  under  discussion.  M  depends 
now,  apart  for  '  (which  is  a  function  of  frequency  and  soil  conductivity)  only 
upon  the  actual  distance  d  between  conductors.  Since  the  phase  is  irrelevant, 
the  j  term  can  be  dropped  and  equation  (5)  reduces  to: 


By  utilizing  equation  (6),  numerical  values  for  M  may  be  calculated.  The 
next  step  is  to  develop  the  means  to  utilize  this  value  of  M  to  obtain  a  value  of 
voltage  that  will  be  induced  around  the  communication  line  given  a  current  flowing 
in  the  power  system.  If  a  current  I  is  flowing  in  a  power  circuit,  it  will  induce 
in  a  neighboring  communication  circuit,  a  voltage  proportional  to  the  rate  of  change 
of  I  and  to  the  quantity  M  ,  which  is  the  coefficient  of  mutual  inductance  between 
both  of  the  circuits  as  defined  by  the  equation: 


e  =~  M 

comm  dt 


If  I  is  a  sinusoidal  a.  c.  current  with  an  angular  frequency  u  , 
also  sinusoidal  and 


then 


e 

comm 


is 


e  =  -  i  u)  M  I 

comm 


(8) 


By  solving  equation  (8)  the  value  of  the  voltage  induced  around  the  buried  com¬ 
munication  cable  may  be  obtained.  To  solve  this  equation,  it  is  necessary  to  know 


values  for  M  and  I  .  It  has  already  been  shown  how  values  can  be  developed  for  M 
^see  Equation  {i>)J  and  it  will  now  be  shown  as  to  what  are  the  necessary  factors 
that  are  to  be  considered  in  determining  a  value  for  I  . 

The  power  system  that  is  under  consideration  is  a  three  phasei  four  wire 
system  with  a  solidly  ground  neutral.  In  such  a  system  there  are  three  kinds  of 
currents  that  can  flow  in  the  system  that  are  of  interest; 

(1)  A  line  to  ground  fault  current  that  occurs  when  a  line  is  un¬ 
intentionally  grounded. 

(2)  A  line  current  in  normal  operation. 

(3)  A  residual  current  that  flows  in  normal  operation  dve  to  an 
unbalance  in  loading  of  the  system. 

In  the  three  cases  described,  current  only  flows  in  the  grounded  neutral 
in  case  (1)  and  case  (3).  However,  since  the  experience  of  the  power  industry 
indicates  that  line  to  fault  ground  currents  are  twenty  times  as  large  as  line  currents 
and  line  currents  are  usually  ten  times  as  large  as  residuals,  it  would  appear  that 
that  area  of  primary  interest  is  concerned  with  fault  currents  because  if  they  do  not 
cause  excessive  voltages  to  be  induced  certainly  the  line  currents  and  residual 
currents  will  not  cause  any  problem. 

A  site  survey  was  made  on  a  particular  missile  system  and  it  was  found 
that  the  power  system  had  a  calculated  three  phase  fault  current  of  920  amperes 
and  a  line  to  ground  fault  current  of  1500  amperes.  The  line  current  averaged 
around  50  amperes  and  the  average  residual  current  was  about  5  amperes.  These 
are  rather  typical  values  for  100  KV  systems.  It  was  also  found  that  these  particular 
fault  currents  occurred  on  the  average  of  about  19  faults  per  year  in  the  particular 
locals.  These  large  fault  currents  will  induce  rather  large  voltages  around  the 
communication  cable  and  are  very  important  when  occurring,  but  this  must  be 
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traded  off  by  a  statistical  analysis  predicting  the  probability  of  large  values  of 
induced  voltages.  The  normal  line  current  will  be  flowing  all  the  time  but  unless 
an  unbalance  exists  no  currents  will  be  flowing  in  the  neutral.  Consequently,  the 
important  values  of  I  to  be  used  are: 

Fault  Current  =  1500  amps 

Residual  Current  =  5  amps 

5.  Numerical  Calculations 

To  facilitate  calculation,  the  exposure  will  be  treated  as  separate  sections 
with  average  figures  employed  where  practical.  These  sections  are  tabulated 
in  Table  No.  1. 

Using  equation  (6)  values  for  Mau  obtained  as  follows: 


(a)  For  section  a. 


4  If  X  10‘ 


5.  7  X  10‘ 


(b)  For  section  a. 


4  rx  10 


M  rv  5.  0  X  10 
(c)  For  section  a. 


12.981  -  ZCn.  37.  6  -  j  I 


f  12.981-2^  52.8  '  '' 


4  Tx  10 


M  ^  4. 3  X  10 


12.981  -  2^^  78.0  -  (  — 


(d)  For  section  a 


4  rx  10' 


12.  981  -  2  -u  102  -  j  I  H 

2  m 


M  'V  3. 7  X  10' 
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that  would  be  induced  into  the  cable.  But  there  are  other  important  considerations 

that  have  been  designed  into  the  cable  and  which  effectively  reduce  the  magnitude  of 

these  inducing  voltages. 

6.  Shielding  Effectiveness  of  Cable 

The  cross  section  of  the  cable  as  shown  in  Figure  2  shows  that  the  copper 

shield  and  steel  tapes  are  a  protection  against  these  induced  voltages.  All  values 

shown  in  Table  No.  3  are  subject  to  the  shielding  factor  of  the  communication  cable 

sheath.  The  sheath  of  this  cable  can  be  a  most  efficient  screening  conductor  because 

of  its  snidll  sepiaration  form,  and  its  particular  position  with  respect  to  the  inducing 

or  induced  line,  even  though  it  does  not  provide  a  perfect  screen  against  magnetic 

induction.  The  mutual  inductance  between  sheath  and  inductor  is  practically  equal 

to  the  self-inductance  of  the  sheath,  with  both  circuits  having  a  ground  return. 

Induced  voltage  between  inducing  conductor  and  sheath  of  the  induced  cable  equals 

the  resistance  drop  of  the  sheath  current.  Experience  has  indicated  that  e  . 

the  induced  voltage  around  the  conductor,  as  calculated,  is  somewhat  less  than  the 

voltage  e  because  of  a  number  of  factors  that  have  to  be  considered; 

“  comm 

(1)  The  shielding  effectiveness  of  the  sheath,  which  empirical  measurements 
have  shown  to  be  in  the  order  of  -  6db. 

(2)  The  attenuation  caused  by  the  fact  that  for  practical  purposes  the  com¬ 
munication  cable  is  made  up  of  perfectly  balanced  pairs.  This  has  been 
estimated  to  be  on  the  order  of  -  80db.  although  a  more  conservative 
figure,  and  one  which  shall  be  used  because  it  has  wider  acceptance 

is  -  60db. 

The  addition  of,  these  two  figures  -  6db  and  -  60db  or  -  66db  {e'  = 

”  comm 

e  X  5  X  10  or  -  66db)  is  the  effective  attenuation  of  the  induced  voltage  by 

comm  ®  ’ 

the  cable  shielding.  These  figures  are  tabulated  in  Table  No.  4. 
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7. 


Effect  on  Each  Section  of  Exposure 


Now  that  the  values  for  e'  have  been  obtained,  it  now  is  necessary  to 

comm 

determine  the  total  induced  voltage  for  each  section  of  exposure  subjected  to 
different  dimensional  parameters.  These  are  shown  in  Table  No.  5. 

8.  Conclusions  -  Effect  of  Exposure 

It  can  be  readily  seen  that  from  Table  No.  5,  if  e'  is  taken  for  the 

'  comm 

whole  line  and  the  length  of  exposure  is  2.  7  miles  or  4,  370  meters,  that  the  voltage 
induced  by  fault  currents  will  be  635  mv.  ,  the  voltage  induced  by  residual  currents 
will  be  2.  218  mv.  Comparing  these  voltages  to  the  original  criteria  established  of 
2  mv.  ,  it  is  clear  that  exposure  to  the  power  line  will  be  serious  in  the  case  of  fault 
currents.  In  the  case  of  residual  currents  in  the  power  system,  the  magnitude  of 
2.  218  mv.  is  so  close  to  the  acceptable  value  of  2  mv.  that  it  is  considered  to  be 
acceptable.  Since  the  three  phase  power  system  is  three  wire  grounded  neutral, 
current  will  not  normally  flow  in  the  neutral  and  when  the  system  is  unbalance 
residual  current  will  flow;  this  has  already  been  discussed. 

Although  it  is  not  exactly  a  cable  system  parameter,  it  must  be  pointed  out 
that  in  the  existing  installed  systems,  the  cable  terminating  equipment  for  this  cable 
will  contain  band  pass  filters  to  effectively  reduce  all  60  cycle  components  by 
approximately  -  50db.  This,  however,  must  be  considered  as  insurance  and  will 
not  be  considered  as  part  of  the  shielding  effectiveness  of  the  cable. 

All  the  induced  voltages  which  has  been  considered  up  to  now  have  been  at 
the  fundamental  frequency  of  the  power  line  -  60  cycles  per  second.  Obviously  there 
are  some  harmonic  frequencies  which  will  be  detremental.  In  telephone  com¬ 
munication,  frequencies  around  1000  cycles  ai’e  the  most  detrimental,  because  they 
have  the  greatest  impact  on  voice  communication.  From  the  experience  on  this 
particular  system,  it  was  found  that  the  most  important  frequency  would  be  the 
eleventh  harmonic  or  660  cycles. 
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From  Equation  (6),  it  can  be  seen  that  M  is  a  function  of  and 
.  Since  then 


4-  /  12.  981  -  :x.a7 

(  ^  J 


As  f  increases,  the  value  of  M  becomes  smaller  as  the  value  of  2 
approaches  12. 981  . 


But  this  is  not  a  linear  relationship  and  the  effect  of  the  square  root  and  the 
logarithum  must  be  covered.  Also  as  the  value  of  M  becomes  smaller  with  the 
increased  frequency,  the  value  of  I  will  become  smaller  because  this  will  be 
based  on  the  energy  contained  in  the  harmonics.  If  it  can  be  assumed  that  the  I 
of  the  eleventh  harmonic  is  10%  of  the  fundamental  frequency,  then  all  the  values 
of  divided  by  a  factor  of  10.  By  making  such  an  assumption,  it 

can  be  readily  seen  that  analyzing  this  exposure  for  60  cycles  is  the  worst  case 
and  if  it  is  no  problem  at  60  cycles,  it  will  be  no  problem  at  higher  frequencies. 
Actually  the  effect  of  harmonics  will  have  to  be  considered  in  more  detail  but  are 
beyond  the  scope  of  this  paper. 

8.  Conclusions 

The  preceding  analysis  shows  that  with  a  few  simple  facts  that  are  generally 
available,  one  can  determine  what  effect  a  power  line  would  have  on  a  nearby 
communication  system.  The  technique  that  was  demonstrated  makes  possible  a 
quick  approximation  so  that  design  criteria  may  be  developed  while  the  com¬ 
munication  system  is  being  installed.  There  is  much  additional  work  that  can  be 
done  along  these  lines;  it  would  be  very  advantageous  to  develop  a  nomograph  to 
be  used  by  installation  engineers  so  that  they  can  have  a  quick  guide  to  the 
permissible  minimum  separation. 
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Fig. 


TABLE  2 


Exposure 

Section 

Section 

Section  a^ 

Section  a. 

4 

Section  a^ 
Section  a^ 
Section  b 
Section  c 
Section  d 
Section  e 


M(H/m) 
5.  7  X  10"^ 

5.  0  X  lO"”^ 

4.  3  X  10"^ 
3.  7  X  10"^ 
3.  1  X  10"^ 

2.  6  X  10" ' 

6.  1  X  10"^ 

5.  9  X  10*^ 
5.  4  X  lO*”^ 
5,  0  X  10’’^ 
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ABLE  3 


Values  of  e 


COMM 


in  Volts/ Meter 


Section 

^2 

^3 

^4 

^5 

^6 

b 

c 

d 


ault  Current 
:  =  1500  a 

321  X  10"^ 

282  X  10"^ 

243  X  10“^ 

209  X  10“^ 

175  X  10*^ 
147  X  10'^ 
345  X  10"^ 
333  X  10'^ 
306  X  10'^ 

282  X  10"^ 


esiaual  Current 
I  =  5a _ 

1.  07  X  10"^ 

.  94  X  10"^ 

. 81  X  10"^ 

.  69  X  10"^ 

.  58  X  10“^ 

.  49  X  10"^ 

1.  15  X  10"^ 

1,  11  X  10"^ 

1.  02  X  10"^ 

.  94  X  10’^ 
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A  DIGITAL  REPRESENTATION  OF  INTERFERENCE  WITHIN  A  COMMUNICATION 
RECEIVER  INCLUDING  THE  DEMODULATION  PROCESS 


H.  Wlldet  A.  J.  Hoehn,  and  L.  A.  Follett 
Bell  Aerottystems  Company 
Division  of  Bell  Aerospace  Corporation 
Tucson,  Arizona 


Abstract. — This  paper  discusses  a  representation  of  the  response  of  both  am. 
and  fu.  communication  receivers  to  a  desired  signal  and  one  or  more  Interfer¬ 
ing  signals.  The  representation  Is  suitable  for  the  analysis  of  interference 
prediction  problems  by  means  of  digital  computation  techniques.  The  final 
form  of  this  representation  Is  a  program  for  the  IBM  709  digital  computer. 

An  expression  Is  written  for  the  resultant  of  a  number  of  steady- 
state  voltages  In  terms  of  an  envelope  function  and  phase  function  associated 
with  the  If.  carrier.  The  effect  of  linear  and  square- law  am.  detectors  is 
simulated,  as  well  as  the  angular  modulation  detection  process.  The  resultant 
demodulated  wave  Is  then  subjected  to  trigonometric  analysis  to  determine  Its 
spectral  content. 


I,  INTRODUCTION 

Communications  receivers  are  usually  evaluated  on  the  amount  of  de¬ 
sired  Information  available  at  the  output  of  the  receiver.  Many  methods  have 
been  devised  to  compare  various  receivers  (or  the  same  receiver  under  varying 
circumstances),  but  most  methods  center  around  spectrum  analysis.  It  is  there¬ 
fore  desirable  to  obtain  a  discrete  frequency  analysis  of  the  output  of  the 
detector  as  a  function  of  Its  Input. 

An  IBM  709  computer  program  has  been  developed  which  presents  a 
printed  statement  of  the  various  frequencies  and  associated  amplitudes  In  the 
detector  output.  As  Input,  the  program  requires  that  steady-state  unmodu¬ 
lated  sinusoidal  voltages  be  presented  to  the  Input  to  the  detector.  There¬ 
fore,  input  to  the  computer  program  can  be  limited  to  the  amplitudes  and  as¬ 
sociated  frequencies  of  the  output  signals  of  the  if.  amplifier.  As  originally 
written,  the  program  assigned  random  phase  angles  to  each  of  the  signals.  The 
program  has  been  modified,  however,  to  permit  addition  of  signals  with  coher¬ 
ently-related  spectral  components  to  the  resultant  of  the  random- phased  signals. 
Thus,  with  the  expenditure  of  but  little  more  time,  the  effect  of  modulation, 
on  some  of  the  signals  at  least,  may  be  Included  In  the  computation. 

The  input  signals  are  added  linearly  to  obtain  the  total  function 
(of  time)  presented  to  the  detector.  The  program  operates  on  the  amplitude 
of  this  resulting  function  in  the  case  of  am.  detection.  The  time  rate  of 
change  of  the  phase  angle  of  the  total  function  Is  processed  in  the  angular 
modulated  case.  As  indicated  In  the  mathematics  which  follow,  generalized 
representations  for  any  number  of  signals  can  be  written  in  compact  mathemati¬ 
cal  form  for  either  case. 

*  Mr.  N.  Wilde  is  now  associated  with  Phillips  Petroleum  Company,  Idaho  Palls, 
Idaho. 
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Thus  the  program  actually  begins  with  the  frequency  or  amplitude 
function  without  a  need  to  derive  the  total  function  as  presented  to  the 
detector. 


At  the  user's  option,  either  linear  or  square- law  am.  detection  may 
be  evaluated.  In  the  case  of  square- law  am.  detection,  the  mathematics  lead 
directly  to  the  desired  spectrum  Information.  For  the  linear  am.  or  the  fm. 
case,  it  is  necessary  to  subject  the  appropriate  time  function  to  a  numerical 
trigonometric  series  evaluation  to  obtain  the  desired  Information.  The  mathe¬ 
matical  and  general  computer  techniques  follow. 


II.  LINEAR  COMBIHATION  OF  IF.  SIGNALS 


As  Indicated  above,  the  output  signal  from  the  If.  amplifier  Is  con¬ 
sidered  to  be  the  resultant  of  a  number  of  stea4^state  unmodulated  sinusoidal 
voltages.  If  a  receiver  has  been  properly  tuned,  the  desired  carrier  signal 
will  be  centered  In  the  If . >bandwidth.  Let  the  desired  signal  be  given  by  the 
expression 

Aq  cos  (fD^t  +  0o) 

and  let  each  one  of  n  interfering  signals  be  given  by  the  expression 

Aji  cos  +  cfj)t  +  0^ 

The  term  is  the  angular  frequency  difference  between  the  desired 
signal  and  the  1^^  Interfering  signal.  The  term  will  be  negative  If  the  inter¬ 
fering  signal  has  a  lower  frequency  than  the  desired  signal  and  positive  if  It 
has  a  higher  frequency. 


Associated  with  the  desired  signal  and  each  of  the  interfering  sig¬ 
nals  Is  a  random- phase  angle  represented  by  the  symbol  0^^.  If  the  random-phase 
angles  of  the  Interfering  signals  are  referred  to  the  phase  angle  of  the  de¬ 
sired  signal,  then  the  desired  signal-phase  ani;le  can  have  any  arbitrary  value. 


This  value  has  been  chosen  as  zero  (that  Is,  0,, 


0). 


The  total  steady- state  signal  presented  to  the  detector  is 


f(t)  «  Aq  cos  a?ot  +  ^  Ai  cos  Re?  +  (f^jt  +  0^ 
1-1 


(1) 


Expanding  the  summation  terms  Into  the  product  of  two  angles  and  recombining 
the  trigonometric  functions  yields 


f(t)  -  R  cos  (nLt  +  9) 


(2) 


where 
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and 


‘  r^o  +  TJ  cos  (4t  + 

L  i-1  ‘  J 

+  jj]]]  sin  +  0£)J 


£  sin  (Sft  +  0^) 

1-1 

tan  &  *  - 

n 

+  Hj  *1  (^1*^  +  ^l) 

1=1 


(3) 


(4) 


The  function  R  Is  the  voltage  envelope  of  the  desired  carrier  fre¬ 
quency.  It  Is  an  undeslred  effect  produced  by  the  Interfering  signals.  The 
expression  for  R^,  equation  (3),  can  be  written  In  a  more  useful  form  by 
squaring  and  collecting  terms.  The  resulting  expression  Is 


where 


“  •’o  +  C  t  •’ij  (Pljt  + 

1-0  j=l+l  •’ 

h  -  *2  ,  ^  .2 

‘’o  ^o  2_j  Ai 

1=1 

‘’ij  ”  2  Ai  Aj 

Plj  ■  <^1  ■ 


Note  that  Jg  “  0  «nd  0^-0 
The  general  form  of  equation  (5)  Is 

“  00  01  ^1  +  ^2  ‘=°®  ^2  ■  ■  ■  +  0m  ^m 

The  series  in  equations  (5)  and  (6)  will  give  m  cosine  terms  where 
n(n  +  1) 

m  »  _ 

2 


(5) 


(6) 


(7) 
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The  function  9  Is  a  tine  varying  phase  angle  associated  with  the 
carrier  frequency.  It  also  is  an  undeslred  effect  caused  by  the  Interfering 
signals.  The  time  rate  of  change  (that  is,  the  first  derivative  with  respect 
to  time)  of  9  is  of  Interest  in  connection  with  receivers  for  angular-nodu¬ 
lated  waves  and  therefore  will  be  developed. 

With  reference  to  equation  (4) ,  let 


S  “  Li  ^i  +  ^i) 

i**! 

S'  =  E  +  0^) 

n 

^  “  ^o  C  ^i  <^0®  +  **i) 

i-1 

“  E  ^1*^1  **i) 

1-1 

Equation  (4)  can  now  be  written  as 
0  -  tan"^  — 


(8) 

(9) 

(10) 


(11) 


whence 


W  CS'  -  SC  (12) 

dt  “  r2 


where  ««  according  to  equations  (3),  (8),  and  (10). 

The  expression  for  (d9/dt)  can  be  written  in  a  more  useful  form  by 
substituting  equations  (8),  (9),  (10),  and  (11)  Into  equation  (12),  expanding 
and  collecting  terms.  The  result  is 


dt 


c 

i-0 


j=i+i 


‘ij 


(fij< 


i-^j) 


where 


(13) 
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and  the  variables  and  have  been  defined  In  equation  (5)'.  The  general 
form  of  equation  (13;  Is 

dfl  ,  of^  +  cos  Xj  +  0^2  cos  X2  •  •  •  +  cos  Xji 

+'^1  cos  +  #2  cos  X2  .  •  •  +  4  cos 

As  an  example  consider  the  case  of  a  desired  carrier,  A^,  and  three 
Interfering  carriers  A]^,  A2,  and  A3.  In  this  case  is  given,  in  the  notatlo 
of  equation  (6),  as  follows: 

=  bg  -  Aq  +  A^  +  a|  +  A3  (15a) 

^  cos  Xj^  “  2AoA]^  cos  (rfjt  +  Jj)  (15b) 

^  cos  X2  “  2A^A2  cos  ((f2t  +  (15c) 

^3  cos  X3  -  2AgA3  cos  +  03)  (15d) 

(3^  cos  X^  “  2AJ1A2  (^1  ■  (**1  "  **2^ 

^  cos  X5  »  2A1A3  cos  (tfi  -  (^3)1  +  (0^  -  03)  (15f) 

^6  *6  “  2A2A3  cos  (62  ■  1^3) t  +  (02  -  03)  (15g) 

The  numerator  of  the  expression  for  the  differentiated  phase  angle,  (d9/dt), 

Is  expressed  In  the  notation  of  equation  (14)  as: 

*^0  “  *0  ’  ^1*^1  ^2«^2  ^3<^3  (1^*) 

dl  cos  Xj^  -  A„A^rfi^  cos  (cfjt  +  0j^)  (16b) 

0(2  cos  X2  “  (‘^2*^  +  ^2^  (16c) 

^3  cos  X3  *  ^o^3*^3  CCS  (^3!  +  03)  ( 16d) 

0C4  cos  X4  •=  A^AjCcf^  +  J2)  cos  [(cfi  -  (f2)t  +  (01  -  02)]  (16e) 

0(3  cos  X3  ”  Aj^A3(<(j^  +  (53)  cos  [(<fl  -  cf3)t  +  (01  -  03)]  (16f) 

Ofg  cos  Xg  -  A2A3((f2  +  dj)  cos  ^62  -  ^3)t  +  (02  -  03)]  (16g) 
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The  denominator  of  (14)  is  identical  with  (6)  and  (15).  It  is  further  noted 
that  the  number  of  terms  in  (6)  and  in  the  numerator  of  ( 14)  is  in  agreement 
with  equation  (7). 


III.  DETECTION  OF  RESULTANT  WAVE  FORM 

The  expression  desired  above  describes  the  result  of  a  linear  com¬ 
bination  of  many  signals  in  the  if.  amplifier.  Neither  amplitude  nor  phase  of 
any  of  these  signals  is  restricted  in  the  analysis.  The  next  step  is  to  ex¬ 
amine  the  effect  of  demodulator  on  the  resultant  wave.  Linear  and  square- law 
envelope  detectors  are  considered  in  this  analysis  as  well  as  the  so-called 
fm.  detector,  which  actually  detects  the  rate  of  change  of  phase  with  time; 
that  is,  (dO/dt) . 


IV.  DETECTORS  FOR  AMPLITUDE  MODULATION 

The  work  of  Rlce^  and  others  has  shown  that  the  output  current  I  of 
many  Important  nonlinear  devices  is  related  to  the  input  voltage  V  by  the  in¬ 
tegral  over  a  contour  C;  that  is, 

I  -  ^  j  F  (Ju)  du  (17) 

where  F(Ju)  is  a  given  function  such  that  I  and  V  are  related  by  the  above  ex¬ 
pression.  If  the  frequency  spectrum  of  V  is  restricted  to  a  relatively  narrow 
band  such  as  the  if.  bandwidth  in  communication  type  receivers,  the  frequency 
spectrum  of  I  is  restricted  to  narrow  bands  located  around  the  harmonics  of  the 
midband  frequency  of  V.  The  narrow  spectrum  located  about  the _nth  harmonic  is 


F  (J«)  Jq  n>-0  (18) 

C 


where  R  is  the  envelope  of  V  and  J|j(uR)  is  a  Bessel  function  of  the  nth  order. 
In  a  communication  type  receiver,  the  low  frequency  spectrum  about  the  zero 
harmonic  (dc)  is  the  audio  spectrum  of  Interest.  Since  only  the  positive  fre¬ 
quencies  have  physical  significance,  only  this  half  of  the  spectrum  is  con¬ 
sidered.  The  low-frequency  spectrum,  including  the  dc  term,  is 


Go(R) 


F  (ju)  Jo 


(uR) 


du 


(19) 


The  linear  detector  with  cutoff  at  V  “  0  is  of  major  consideration. 
The  output  is 
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V  -c  0 
0  ■>  V 


(20) 


(21) 


and  Integrating  equation  (19)  gives  the  result 

Go(R)  »  §  R  (22) 

The  square- law  detector  is  also  of  Interest.  It  is  a  special  case  of 
the  nth  law  detector  where  n.  an  Integer,  equals  two.  The  output  is 

I  -0Cv“  (23) 

and 


(24) 


(25) 


In  both  cases,  Is  a  constant  associated  with  a  given  detector.  If, 
as  Is  the  case  In  interference  analysis,  interest  is  confined  to  the  relative 
magnitude  of  certain  values  in  the  low-frequency  spectrum  (for  example,  the 
interference)  in  comparison  with  some  other  standardizing  value  obtained  from 
the  same  detector  (for  example,  the  desired  signal)  the  detector  constant 
divides  out.  Thus  the  relative  spectrum,  Gj-,  is 

Gr(R)  -  R  (26) 

and  for  the  square- law  detector 

Gy'R)  -  (27) 

V.  DETECTOR  FOR  ANGLE- MODULATED  WAVES 

Consider  a  communication- type  fm.  receiver  utilizing  a  balanced  de¬ 
tector  having  a  linear  response  over  the  frequency  range  of  interest  and  pre¬ 
ceded  by  an  ideal  limiter.  If  the  rate  of  change  of  phase  (de/dt)  about  the 
carrier  phase  is  relatively  slow,  then  the  output  of  the  detector  is  a  low- 
frequency  spectrum  concentrated  about  and  including  a  dc  term.  This  low- 
frequency  spectrum,  which  is  analogous  to  the  low-frequency  spectrum  from  an 
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am.  detector,  Is  the  audio  spectrum  of  interest.  It  is  represented  by 


de 

Go(e)  “C^—  (28) 

dt 

The  rate  of  change  of  the  phase  angle  is  a  function  of  the  if.  bandpass.  The 
parameter  o<  is  a  constant  associated  with  a  given  detector.  If  only  relative 
values  are  of  Interest,  then 

de 

Gr(0)  “  -  (29) 

dt 


VI.  AUDIO  SPECTRUM  AMALYSIS 


Equations  (17)  through  (29),  based  on  the  work  of  Rice,  are  Included 
to  establish  the  fact  that  equations  (6)  and  (14),  for  r2  and  (d6/dt),  are  in¬ 
deed  the  mathematical  expressions  for  the  detected  wave. 


Now  that  an  expression  for  detected  output  has  been  established  in 
the  time  domain,  the  next  step  is  to  express  this  in  the  frequency  domain  as 
a  relative  energy  spectrum. 


In  the  case  of  an  am.  square- law  detector,  as  given  by  equations  (6) 
and  (27),  the  desired  information  is  obtained  simply  by  squaring  the  coeffi¬ 
cient  of  each  to  produce  the  energy  spectrum. 

Unfortunately,  for  the  purposes  of  this  analysis,  the  linear  detector 
is  most  frequently  found  in  actual  receivers,  and  its  output  is  given  by  the 
square  root  of  a  finite  trigonometric  series. 

The  fm.  detector  output  is  given  by  equations  (14)  and  (29).  A  spec¬ 
tral  analysis  of  the  ratio  of  two  finite  trigonometric  series  must  be  performed 
in  this  case. 


VII.  COMPUTATICW 

The  following  is  a  discussion  of  a  spectral  analysis  method  for  the 
preceding  two  cases,  which  is  particularly  suited  for  machine  computation. 

The  desire  to  obtain  a  frequency  spectrum  Immediately  suggests  a 
Fourier  series  analysis.  However,  a  Fourier  series  is  an  infinite  series, 
whereas  a  finite  series  is  required.  The  usual  method  of  obtaining  a  finite 
series  is  simply  to  terminate  the  Fourier  series  at  a  point  where  the  coeffi¬ 
cients  tend  to  become  negligible.  This  approach  is  somewhat  indefinite  since 
the  cutoff  point  cannot  be  known  prior  to  the  start  of  computation. 

A  different  approach  to  a  trigonometric  series,  based  on  the  highest 


harmonic  of  interest  is  available.^  Let  G^CR)  and  0^(6)  be  represented  by 
GoW ,  which  will  be  called  the  generalized  audio  signal.  In  both  cases 
Gq(Y)  is  an  even  function  containing  cosines  only.  Hence,  the  odd  coeffi¬ 
cients  are  all  equal  to  zero  and  only  the  even  coefficients  need  be  deter¬ 
mined  . 


The  procedure  is  as  follows:  Set  the  function  Gg(Y)  equal  to  a 
finite  trigonometric  series. 


Gq(Y)  “  (l/2)aQ  +  aj^  cos  Y  +  a2  cos  2Y  •••  +  a(p.i)  cos  (p-l)Y  (30) 

A  set  of  p  equations  can  now  be  written  by  evaluating  equation  (30)  at  a  num¬ 
ber  of  points  equal  to  p.  See  figure  1  and  equation  (31). 


Go(lfo)  Go(Vi) 


Yo  Y2 


Go(Yr)...Go(Yp.j,) 


Figure  1 
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Go<Yi) 
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(l/2)ao  +  aj^ 
(1/2)8^  +  ai 
(l/2)ao  +  aj 


cos  Yq  +  a2 
cos  Y]^  +  a2 

COB  Y2  +  a2 
etc. 


COS 

COS 

COS 


2Yo  +  •••  +  ap.i  cos  (p-DYp 
2Y^  +  •••  +  ap-i  cos  (p-l)Yj^ 

2Y2  +  •••  +  *p-i  cos  (p-1)Y2 

(31) 


The  number  of  terms  and  the  number  of  equations  equal  the  number  of  harmonics 
of  interest.  The  sioiultaneous  solution  of  these  equations  will  yield  values 
for  the  various  coefficients.  Fortunately,  the  orthogonal  properties  of  these 
equations  permit  a  simple  general  expression  for  the  coefficients,  which  is 


(2/p)  -  l)rT-f/2^ 

k**l 


(32) 


where  the  generalized  subscript  j  has  the  values  0  ^  r  ^  (p  -  1). 

The  coefficients  thus  determined  do  net  have  the  same  exact  numerical 
values  as  the  corresponding  coefficients  in  an  Infinite  Fourier  series  because 
of  the  discrete  method  of  evaluating  them.  But,  these  coefficients,  when  sub¬ 
stituted  into  equation  (31)  do  give  an  exact  solution  for  GgCY^)  at  r.  Between 
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these  points  (r  ■■  1,  r  ■  2,  etc.)>  the  solution  for  G^CY)  is  approximated  by  a 
straight  line  between  the  two  adjacent  points.  If  a  sufficiently  high  maximum 
harmonic  is  chosen  (p  Is  large),  then  Go(Y)  is  very  closely  approximated  by  the 
resulting  Small  straight  line  segments. 

It  is  of  interest  to  note  that  the  same  result  could  have  been  ob¬ 
tained  by  expressing  as  a  finite  summation  over  discrete  increments  the  Fourier 
coefficient  integral 

,+TT 

\  cos  (33) 

J-TT 


Such  a  procedure  gives  a  result  identical  with  equation  (32) . 

Selecting  Y  sufficiently  small  and  p  sufficiently  large  will  produce 
a  fine- frequency  analysis  of  G(,(Y) .  Only  the  audio  portion  of  this  spectrum 
is  of  interest.  If  all  interfering  signals  were  removed,  the  entire  audio 
spectrum  would  disappear  leaving  only  a  dc  term  due  to  the  desired  carrier. 
Consequently,  this  spectrum  can  be  considered  an  Interference  or  noise  spectrum 
due  to  Interfering  carriers.  The  gain  of  the  receiver,  and  hence  this  spectrum, 
can  be  normalized  to  a  standard  audio  output,  a^.  In  general,  the  standard 
output,  Sg,  would  be  taken  as  the  detected  signal  from  a  tone-modulated  am. 
wave  modulated  100  per  cent,  or  the  full  voltage  output  over  the  linear  portion 
of  the  discriminator  in  an  fm.  receiver.  The  resulting  expression  is 


Go(Y) 


*0  ®1  ®2  ®p-l 

-  +  —  cos  Y  +  —  cos  2Y  •  •  •  +  — —  cos  (p  -  1)Y 

«s  ®s  ®s 


(34) 


The  desired  relative  energy  spectrum  information  is  obtained  by  squaring  the 
normalized  coefficient  of  each  term. 


VIII.  COMPUTER  PROGRAM 

Flow  diagrams  illustrating  the  steps  involved  in  programing  the  above 
process  are  presented  in  figures  2  and  3. 
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Figure  2.  Gecerel  Frograa  Flow  Diagram 
Data  Entry  and  Function  Generation  Section 
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This  Allows  aa  area  auMUtion  as  indlcatsd: 
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Flgura  3.  Gsnsral  Frograa  Flow  Dlagraa 
Fuoctioa  Eraluatlon  and  Cosfflcisnt  Coaputatlon  Ssctioa 


770 


ENGINEERING  ASPECTS  OF  THE  HIETF  INTERFERENCE- PREDICTION  MODEL 


A.  J.  Hoehn 

Bell  Aerosystems  Company 
Division  of  Bell  Aerospace  Corporation 
Tucson,  Arizona 


Abstract . — This  paper  contains  the  basic  equations  and  simulation  methods  used  In 
the  Interference-prediction  model  developed  as  a  part  of  the  Electromagnetic  En¬ 
vironmental  Test  Facility.  The  model  is  designed  for  use  on  the  IBM-709  computer 
at  Fort  Huachuca.  Its  purpose  Is  to  extend  and  amplify  the  usefulness  of  the 
field  facility  Installation  In  southern  Arizona.  The  model,  therefore.  Is  cap¬ 
able  of  interference-prediction  calculations  for  much  larger  and  more  complex 
electronic  configurations  than  actually  Installed  in  the  field  facility.  Availa¬ 
bility  of  the  actual  emitters,  however,  will  make  it  possible  to  validate  the 
model  against  actual  field  measurements.  Lack  of  such  validation  has  severely 
hampered  design  of  prediction  models  in  the  past. 

Methods  are  discussed  for  the  establishment  of  mathematical  functions 
representing  the  transmitter,  antennas,  propagation  path,  receiver,  and  scoring 
method.  Each  function  is  considered  in  the  light  of  past  efforts  as  well  as  from 
information  currently  available  and  expected  In  the  future  (from  the  Spectrum 
Signature  program,  for  example).  Reasons  for  the  choice  of  simulation  methods 
for  each  of  the  functions  are  given  in  detail  on  the  basis  of  engineering  needs 
of  the  expected  users. 


I.  INTRODUCTION 


The  Field  Facility  of  the  Electromagnetic  Environmental  Test  Facility 
(EMETF)  is  designed  as  a  proving  ground  for  equipments  operated  In  a  typical  mili¬ 
tary  deployment  situation.  Results  obtained  from  It  will  be  of  an  over-all  opera¬ 
tional  nature.  For  example.  It  will  be  possible  to  determine  that  a  given  re¬ 
ceiver  experiences  interference  in  a  specific,  measured  amount,  and  that  this 
Interference  occurs  when  certain  transmitters  operate.  It  also  will  be  possible 
to  Isolate  the  offending  transmitters  as  units.  But  measurements  from  the  fa¬ 
cility  will  not  necessarily  identify  specific  characteristics  of  a  given  equip¬ 
ment  as  contributing  to  the  interference,  although  the  measurements  may  provide 
clues  to  these  deficiencies.  The  environmental  facility  is,  in  other  words,  a 
system  test  facility  capable  of  pointing  up  troubles  which  would  not  be  obvious 
from  laboratory  measurements  of  individual  equipments. 

The  system  Involved  Is  complex.  It  Involves  technical  characteristics 
of  the  equipments,  tactical  deployments,  and  factors  such  as  terrain  and  climate 
which  pertain  to  the  location.  Included  also  are  human  factors  resulting  from 
varied  capabilities  of  those  operating  and  maintaining  the  equipment.  Installa¬ 
tion  of  sufficient  equipment  in  the  environmental  test  facility  to  Isolate  and 
evaluate  all  these  factors  would  be  a  costly  and  inefficient  process. 

Fortunately  this  is  not  necessary.  A  computer-mechanized  prediction 
model  of  the  system  can  be  constructed  which  will  include  data  from  laboratory 
measurements  of  equipment,  experimental  determinations  of  terrain  and  meteoro- 
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logical  factors,  and  laboratory  studies  of  hunan  factors.  Because  of  the  complex¬ 
ity  of  the  system,  a  basic  tenet  of  the  approach  has  been  the  necessity  of  vali¬ 
dation  of  the  model.  Validation  can  be  accomplished  only  by  comparison  of  results 
predicted  by  the  model  with  those  measured  In  the  field. 

Ideally  the  model  should  be  constructed  so  that  the  Influence  of  each 
major  factor  could  be  Isolated  and  varied  Independently  of  all  others.  Thus 
the  Influence  of  each  factor  on  the  entire  system  could  be  determined  by  com¬ 
putation.  Once  the  model  has  been  shown  to  agree  with  measured  results  from  the 
facility,  computations  may  be  made  with  confidence  on  larger  situations,  differ¬ 
ent  terrain  conditions,  and  new  locations. 

It  may  readily  he  seen  that  the  interference  prediction  model  and  the 
controlled- test  facility  of  the  electromagnetic  envlronstent  at  the  U.  S.  Army 
Electronic  Proving  Ground  (USAEPG)  complement  one  another.  Indeed,  the  one  is 
necessary  to  the  other. 


II.  GENERAL  DESCRIPTION  OF  MODEL 

The  basic  concept  of  the  model  is  shown  In  figure  1.  It  Is  seen  to  be 
a  completely  straightforward,  engineering  approach.  The  underlying  philosophy 
In  development  of  this  model  has  been  to  put  together  one  which  could  be  tested 
and  validated  by  physical  measurement  on  a  piece-by-plece,  as  well  as  on  an  over¬ 
all  basis. 


The  general  form  of  the  model  will  be  a  set  of  mathematical  expressions 
or  equations  separated  Into  a  number  of  mutually  Independent,  multiplicative  fac¬ 
tors.  Each  factor  will  represent  a  physical  entity  affecting  the  problem.  Each 
factor  In  the  model  will  be  In  the  form  of  an  expression  which,  when  evaluated, 
will  reflect  the  effect  of  that  particular  factor  on  the  entire  Interference  prob¬ 
lem.  Each  factor  In  the  equatlon(s)  will  have  an  Independent  Input  and  will  pro¬ 
duce  a  separate  output,  so  that  a  f actor- by- factor  analysis  of  the  model  may  be 
made.  Consideration  of  all  factors  In  the  model  will  simulate  an  actual  situa¬ 
tion,  and  will  permit  a  prediction  of  radio- frequency  Interference  to  be  expected 
In  a  given  tactical  situation. 

The  requirement  for  a  close  link  with  the  field  facility  also  Influ¬ 
enced  the  form  of  the  model.  Each  calculation  Is  presented  In  the  form  most 
suitable  for  field  verification. 

SoBie  advantages  In  computing  time  are  claimed  for  the  so-called  "sto¬ 
chastic  model,"  which  would  Involve  assignment  of  values  to  each  block  of  figure  1 
by  random  sampling  from  a  probability  distribution  function  (pdf)  representing 
the  physical  quantity  In  the  block.  (This  process  Is  often  mlstermed  the  Monte 
Carlo  approach.)  It  was  decided,  however,  to  defer  consideration  of  a  stochastic 
model  until  the  engineering  model  had  been  validated.  The  reasons  for  this  were: 

a.  There  Is  insufficient  knowledge  at  present  of  the  true  probability 
distribution  functions  of  many  of  the  factors  In  the  model. 

b.  It  has  not  been  completely  demonstrated  at  this  tlow  that  for  com¬ 
parable  accuracies  the  stochastic  model  would  have  a  significant  advantage  over 
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Figure  1.  Basic  Coacept  of  Fredictlon  Model 


the  engineering  model  In  terms  of  computing  time. 

c.  It  is  believed  that  the  first  step  is  to  develop  a  model  which 
faithfully  depicts  the  physical  facility.  Once  such  a  model  has  been  devel¬ 
oped  and  validated,  it  then  becomes  the  standard  of  excellence,  and  many  other 
time-saving  schemes  can  be  compared  against  it.  The  scale  of  effort  of  these 
comparisons  will  then  have  been  reduced  in  effort  to  a  computer  exercise,  and 
the  painful  process  of  validation  from  field  measurements  will  no  longer  be 
necessary. 


III.  PHYSICAL  BASIS  FOR  THE  PREDICTION  EQP.\TIONS 

As  indicated  above,  it  was  decided  early  in  the  program  that  empha¬ 
sis  must  be  placed  on  development  of  a  strong  theoretical  backbone  for  the 
model.  This  could  then  be  modified  or  improved  by  field  experiment  to  attain 
the  desired  accuracy. 

The  over-all  problem  has  been  broken  down  into  four  general  classi¬ 
fications  for  the  purpose  of  investigation.  These  are: 

a.  Transmitter  raBlated  power. 

b.  Propagation  path  loss. 

c.  Receiver  response  to  environment. 

d.  Scoring  methods. 

IV.  TRANSMITTER  RADIATED  POWER 

One  of  the  basic  requirements  of  any  prediction  modeling  program  is  the 
availability  of  a  complete  set  of  reliable  spectrian  signature  data.  These  data 
will  be  required  both  in  the  development  of  the  prediction  model  and  in  the  vali¬ 
dation  of  the  final  product.  Accurate  comparisons  between  field  measurement  and 
calculated  results  cannot  be  expected  if  the  data  upon  which  the  calculations  are 
based  are  not  reliable. 

The  need  for  standard  measuring  and  reporting  methods  has  been  recog¬ 
nized  by  the  Department  of  Defense,  and  measurements  are  now  being  made  to  a  pre¬ 
liminary  set  of  specifications.  As  a  result  of  these  measurements,  and  of  pre¬ 
vious  programs  sponsored  by  the  Signal  Corps,  data  are  available  which  give  output 
power  as  a  function  of  frequency  for  a  number  of  transmitters  used  in  the  EMETF. 
These  power  spectra  measurements,  exemplified  in  the  transmitter  boxes  of  figure  1, 
essentially  comprise  the  transmitter  functions. 

It  is  assumed  that  knowledge  of  the  transmitter  signatures  ie  available 
from  previously  performed  laboratory  experiments.  From  the  Tri-Service  specifi¬ 
cations,  however,  it  will  be  noted  that  many  of  the  transmitter  measurements  are 
made  on  resistive  loads,  and  that  receiver  measurements  are  made  from  signal 
generators  through  standard  dummy  antennas.  This  is  desirable,  in  that  it  makes 
for  uniformity  of  measurement,  regardless  of  where  performed.  It  also  requires 
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that  additional  measurements  be  performed  to  relate  these  laboratory  measurements 
to  the  actual  effective  radiated  power.  In  particular,  there  are  Installed  In 
the  aiETP  Field  Facility  many  vehicular  transmitters  and  receivers.  On  vehicles, 
one  antenna  Is  generally  used  for  both  the  transmission  and  reception  modes. 
Vehicular  antennas  are  generally  whips  which  are  Inductively  "loaded"  to  Improve 
radiation  characteristics  at  the  fundamental  frequency.  No  attempt  was,  or  could 
be  made,  by  the  designer  to  control  Impedance  or  antenna  pattern  at  the  various 
frequencies  at  which  spurious  transmissions  or  responses  have  been  observed.  Even 
in  the  fundamental  frequency  range,  the  vehicle  dimensions  usually  are  appre¬ 
ciable  In  terms  of  a  wavelength  and  contribute  to  the  over-all  antenna  radiation 
pattern.  Measurements  on  the  unmounted  vehicular  antenna  are  meaningless. 

It  thus  became  necessary  to  measure  the  following  quantities  and  to 
Include  them  as  part  of  the  antenna  function  In  the  model; 

a.  Antenna  Pattern.  This  Is  a  measure  of  the  radiated  field  strength 
as  a  function  of  azimuthal  angle,  elevation  angle,  and  frequency. 

b.  Effective  Radiated  Power  (ERP) .  This  gives  a  measure  relating  the 
transmitter  signature  to  the  gain  and  Impedance  characteristics  of  the  vehicular 
antenna. 


Antenna  field  tests  were  performed  with  these  objectives  In  mind  to 
obtain  data  for  an  antenna  function. 

In  the  model,  therefore,  the  transmitter  power  output  at  each  harmonic 
frequency  is  modified  both  by  a  function  proportional  to  the  antenna  pattern  and 
by  a  second  function  which  relates  transmitter  power  output  to  effective  radiated 
power  from  an  omnidirectional  antenna.  This  second  function  is  different  from  the 
ordinary  gain  specification  In  that  the  Impedance  mismatch  between  transmitter  and 
antenna  Is  Included  in  the  relation  between  transmitter  power  Into  a  resistive 
load  and  effective  radiated  power. 

Measurements  also  were  made  with  the  vehicular  radio  In  the  receiving 
mode.  For  this  measurement,  standard  signal  generators  were  mounted  In  the  field 
intensity  (FI)  vehicle  and  driven  around  the  circle  while  transmitting  to  the 
vehicular-mounted  receiver  under  test.  Receiver  output  was  measured  and  re¬ 
corded  In  a  manner  similar  to  that  used  for  the  laboratory  spectrum  signature 
measurement.  Measurements  were  made  at  the  fundamental  and  all  significant  spu¬ 
rious  frequencies. 

It  Is  of  Interest  to  note  that  many  of  the  spurious  responses  noted  In 
the  resistive  measurements  were  undetectable  under  actual  radiation  conditions. 


V.  COMPUTATION  OF  PROPAGATION  PATH  LOSS 


Computation  of  propagation  path  loss  for  the  QIETF  prediction  model  will 
be  based  essentially  on  the  free-space  equation  modified  to  account  for  the  ef¬ 
fect  of  the  earth  and  its  atmosphere.  Provision  will  be  made  in  the  computer  pro¬ 
gram  to  account  for  the  effects  of  terrain,  vegetation,  meteorology,  and  other 
factors.  This  permits  the  easy  introduction  of  factors  found  at  a  later  date  to 
be  Important,  and  the  equally  facile  elimination  of  factors  found  from  experience 
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not  to  contribute  to  the  path  loss.  Symbolically,  the  path  loss,  L,  might  be 
expressed  as 


Three-space 

"Spherical  eartff 

"Terrain 

’Vegetation" 

L  = 

equation 

+ 

correction 

+ 

factor 

+ 

factor 

_(declbela)_ 

(decibels) 

(decibels) 

(decibels) 

+ 


+ 


Additional  factors 
found  from  experience 
_  (decibels) 


(1) 


All  propagation  path  loss  computations  begin  with  the  well-known  ex¬ 
pression  for  free  space,  then  modify  it  in  various  ways.  Normally  one  of  the 
first  decisions  required  of  the  individual  making  the  computation  is  a  choice 
between  the  so-called  plane-earth  and  spherical -earth  formulas.  If  such  a  de¬ 
cision  has  been  made  here,  it  has  been  made  in  favor  of  a  spherical  earth.  Ac¬ 
tually,  the  equations  and  machine  judgments  are  set  up  so  that  such  choices  are 
made  without  the  necessity  of  artificial  determinations  as  to  the  relative  flat¬ 
ness  or  roundness  of  the  earth. 

Basic  path  loss  is  computed  as  between  omnidirectional  antennas,  since 
the  transmitter  and  receiver  antenna  functions  will  account  for  all  antenna  ef¬ 
fects  in  the  model.  The  effect  of  long-term  meteorological  variations  has  not 
been  introduced  at  this  time,  but  may  be  Included  easily  as  a  factor  in  equation 
(1)  if  found  desirable  in  the  future. 

Scatter-propagation  effects  have  not  yet  been  included,  pending  a  more 
thorough  study  of  the  effects  of  these  phenomena  on  a  field  army.  These  long¬ 
time  and  long-distance  effects  are  not  considered  to  be  of  as  much  Immediate  im¬ 
portance  to  a  field  army  situation  as  those  for  which  equations  are  written  in 
this  paper.  They  are  Important,  of  course,  and  will  be  added  to  the  program 
later . 


Three  regions  are  normally  defined  for  computation  of  path  loss  over 
a  smooth  spherical  earth.  As  illustrated  in  figure  2,  these  three  regions  are: 

a.  The  optical-interference  region. 

b.  The  diffraction  region. 

c.  The  transition  region,  located  between  the  Interference  and  dif¬ 
fraction  regions. 


Decision  as  to  the  region  in  which  a  receiving  anten-.a  is  located  is 
made  according  to  whether  it  is: 


a . 

region)  . 


Well  within  line-of-slght  of  the 


b . 

(diffraction 


Well  beyond 
region) . 


line-of-slght  of  the 


transmitter  (opt ical- inter ference 

transmitter  and  into  the  shadows 
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Figure  2.  Geometry  for  Radio  Propagation  Over  Earth 


c.  In  the  vicinity  of  the  optical  horizon,  extending  slightly  into 
both  of  the  other  two  (transition  region). 

The  optical  formulas  become  Inaccurate,  and  actually  approach  infinite 
path  loss  as  the  horizon  is  approached.  On  the  other  hand,  the  diffraction  for¬ 
mulas,  in  the  form  normally  used,  give  path-loss  values  which  are  too  small  in 
the  transition  region.  This  situation  is  illustrated  in  figure  3.  The  usual  pro¬ 
cedure  in  the  past  has  been  to  compute  a  few  values  at  points  well  inside  both 
the  optical  and  diffraction  regions,  and  to  sketch  a  free-hand  curve  connecting 
the  two  sets  of  points.  This  procedure  is  not  suitable  for  machine  computation 
and  other  alternatives  were  sought. 

In  general,  the  optical-interference  equations  are  satisfactory  up  to 
the  first  quadrature  point.  Location  of  this  point  is  indicated  on  figure  3  and 
derived  in  the  appendix.  Study  of  the  van  der  Pol-Bremmer  equations,  which  form 
the  basis  for  the  diffraction  computations,  indicated  that  most  of  the  error  in 
the  neighborhood  of  the  optical  horizon  was  contained  in  the  height  factor. 
Therefore  a  new  equation  for  the  height  factor  was  fitted  to  available  data  so 
that  the  procedure  now  followed  is: 

a.  At  the  first  quadrature  point  and  all  points  nearer  the  transmitter, 
the  optical-interference  equations  are  used. 

b.  At  the  points  beyond  the  quadrature  point,  the  modified  diffraction 
formulas  are  used. 


VI .  BASIC  EQUATIONS 

The  basic  equations  used  in  the  computation  are  derived  in  an  appendix 
to  this  paper.  They  are  also  presented  in  a  companion  paper^  in  connection  with 
the  computer-programing  aspects  of  the  model  and  will  not  be  presented  here. 

An  important  factor  to  note,  however,  is  that  the  maximum  field  strength 
which  may  ever  occur  is  equal  to  twice  that  predicted  from  the  free-space  equation 
This  situation  occurs  when  the  reflected  ray  encounters  a  perfect  reflector  and, 
in  addition,  arrives  at  the  receiver  exactly  in  phase  with  the  direct  ray.  Stated 
in  another  way,  the  minimum  path  loss  which  may  ever  be  encountered  is  equal  to 
the  path  loss  predicted  by  the  free-space  equation  decreased  by  six  decibels. 

This  figure  of  free-space  path  loss  less  six  db  is  used  in  a  rapid 
culling  process  designed  to  eliminate  all  radiations  which  are  too  weak  to  af¬ 
fect  the  computation  at  the  receiver  being  tested.  If,  after  application  of  an 
attenuation  factor  given  by  the  above  criterion,  the  signal  at  the  receiver  is 
below  threshold,  that  signal  may  be  safely  disregarded  in  all  further  calculations 

Considerable  effort  and  study  has  been  expended  on  the  terrain  factor, 
which,  in  general,  adds  to  the  path  loss  between  transmitter  and  receiver.  In 
order  to  attack  this  problem,  however,  it  was  necessary  to  (>stabllsh  a  firm  defi¬ 
nition  of  the  so-called  "effective  antenna  height."  Just  a  cursory  glance  of 
the  literature  proves  that  this  quantity  has  not  been  well  defined  in  the  past, 
and  often  has  been  made  a  matter  of  Judgment  on  the  part  of  the  individual  per¬ 
forming  the  computation.  In  order  that  a  firm  basis  for  machine  computation  may 
be  established,  the  following  convention  has  been  adopted. 
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DISTANCE  FROM  TRANSMITTER  5^ 


Flgur€  3.  Conparison  Between  Optical- Interference  and 
Diffraction  Fomulaa  in  Coaputation  of  Path  Lota 


"The  datum  plane  (or  great  circle)  shall  be  the  ground  elevation  of 
either  transmitting  or  receiving  antenna,  whichever  Is  lower.  Effective  height 
of  the  lower  antenna  shall  be  Its  structural  height  above  ground;  effective 
height  of  the  higher  antenna  shall  be  Its  structural  height  above  ground  plus 
the  difference  between  Its  ground  elevation  and  that  of  the  datum. " 


Within  the  last  three  decades  scores  of  theoretical  papers  have  been 
published  which  treat  the  calculation  of  path  losses  over  mountain  obstacles  and 
Irregular  terrain.  Many  of  the  published  papers  are  highly  theoretical  and  im¬ 
pose  boundary  conditions  which  are  not  generally  realizable  in  nature.  Others 
have  been  based  on  empirical  or  statistical  determinations,  but  to  the  present 
time  have  not  appeared  In  a  form  suitable  for  machine  computation. 


Some  of  the  most  significant  and  most  useful  work  has  been  done  by 
the  National  Bureau  of  Standards  (NBS).  A  recently  published  NBS  memorandum 
report^  gives  an  extensive  review,  which  covers  all  the  aspects  of  telecosinuni- 
catlon  p erf or  stance ,  Including  propagation  with  all  kno%m  factors  Involved. 
Computational  methods  presented,  however,  require  considerable  calculation  and 
frequent  reference  to  graphical  data  before  answers  In  terms  of  path  loss  be¬ 
tween  given  points  can  be  obtained. 


An  earlier  paper  by  Egll  sumstarlzes  the  work  of  many  investigators 
In  the  field,  and  leads  to  a  statistical  description  of  the  correction  factor. 

The  median  path  loss  at  a  given  frequency  Is  found  by  adding  the  statistically- 
derived  median  deviation  to  the  path  loss  as  calculated  from  smooth-earth  theory. 
This  median  deviation  from  the  theoretical  smooth-earth  value  is  called  the 
"terrain  factor,"  According  to  Egll  It  varies  Inversely  with  frequency  and  Is 
Independent  of  distance.  It  also  appeared  that  the  distribution  of  received 
path  loss  over  Irregular  terrain  expressed  In  decibels  above  the  median  value 
Is  normally  distributed. 


The  most  obvious  limitation  of  Egll's  analysis  Is  the  aggregation  of 
all  types  of  terrain  Into  a  single  statistical  picture.  According  to  theory  an 
Ideal  smooth  earth  with  uniform  electrical  characteristics  would  have  a  standard 
deviation  of  zero  In  the  signal- strength  distribution.  Mountainous  terrain,  on 
the  other  hand,  would  be  expected  to  have  a  very  large  deviation.  These  obser¬ 
vations  have  also  been  borne  out  by  experiment.  Although  it  may  be  difficult  to 
specify  criteria  defining  different  types  of  terrain,  at  least  gross  differences 
in  terrain  must  be  recognized  on  a  quantitative  basis. 


In  a  recent  study  for  the  Television  Allocations  Study  Organization 
(TASO) ,  A.  H.  LaGrone^  has  proposed  an  empirical  method  for  terrain  correction 
which  seems  to  provide  a  more  accurate  assessment  of  the  Influence  of  rough 
terrain  on  the  received  signal. 


The  method  requires  a  knowledge  of  the  terrain  profile  between  the 
transmitter  and  receiver.  The  resulting  correction  is  of  the  form 


"+  ~  *^3  + 

expCd^j.)  exp(d2j.) 


/^3  -  ^ 

exp(d3r) 


(2) 


Signs  of  the  factors  In  the  correction  term  are  the  same  as  the  slope 
between  the  two  points  involved.  The  factor,  c,  is  a  function  of  frequency. 
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Meaning  of  the  various  height  and  distance  elements  of  the  equation  is  illustrated 
in  figure  4.  It  is  readily  apparent  that  terrain  obstacles  nearest  the  receiver 
have  the  greatest  effect  on  the  correction.  One  factor  still  under  study  is  the 
number  of  obstacles  which  must  be  taken  into  account  in  order  to  obtain  a  satis¬ 
factory  correction. 

Consistently  throughout  LaGrone'e  work  it  is  pointed  out  that  addi¬ 
tional  validation  is  necessary.  Also,  since  the  interest  of  the  TASO  comnlttee 
was  primarily  in  television  frequency  allocation,  OMSt  of  their  studies  were 
limited  to  the  vhf  and  uhf  bands.  The  range  of  frequencies  in  the  EMETF  Field 
Facility  is  considerably  greater. 

For  this  reason  an  experiment  was  designed  to  extend  and  validate  the 
proposed  method  of  computing  terrain  correction  factors.  A  location  was  chosen 
in  the  Gila  Bend,  Arizona,  area  so  that  a  smooth  path  and  a  rough  path  could  be 
illuminated  easily  from  the  same  transmitter.  The  locations  of  the  two  profile 
lines  selected  for  the  experiment  are  shown  in  figure  5.  The  paths  begin  at  the 
point  "A"  and  extend  approximately  24  miles  to  the  point  "J"  and  Include  9  test 
points.  A  manual  profile  of  'the  rough  terrain  path  is  shown  on  figure  6  and  of 
the  smooth  profile  on  figure  7.  The  test  points  on  the  rough  and  smooth  paths  are 
equally  spaced  from  the  source  location;  that  is,  test  point  on  the  smooth  path 
is  exactly  the  same  distance  from  the  transmitter  as  test  point  Cj^  on  the  rough 
path.  The  rough-path  test  points  were  selected  to  give  a  sample  of  high  eleva¬ 
tions,  G  and  H;  low  elevations,  B,  E,  F,  and  I;  and  medium  elevations,  D  and  J. 

The  measurement  technique  is  as  shown  in  figure  8.  Source  transmitters 
are  located  at  the  common  point  A.  Two  monitors,  one  on  the  rough  path  and  one 
on  the  smooth  path,  are  used  to  make  simultaneous  measurements  with  the  test  ve¬ 
hicles  along  the  contour.  A  corner  reflector  is  used  to  Increase  the  effective 
radiated  power  of  the  higher  frequency  transmitters.  The  corner  reflector  has 
been  designed  so  that  a  center  pivot  makes  rapid  rotation  from  smooth  path  to 
rough  path  possible. 

The  technique  minimizes  the  effect  of  local  meteorological  conditions 
normally  expected  from  day  to  day,  week  to  week,  and  month  to  month.  It  also 
makes  possible  a  rapid  calculation  of  the  path  loss  between  the  monitor  posi¬ 
tion  and  any  test  point.  Initially  an  antenna  height  of  7  feet  has  been  used 
at  both  transmitter  and  receiver  sites.  Later  the  transmitter  height  may  be 
raised  to  30  feet  to  study  the  effect  of  antenna  height  on  the  path  loss. 

The  frequencies  covered  in  the  tests  are  approximately  2.S,  4.0,  16.1, 
53.9,  220.8,  and  512.3  megacycles  per  second. 

The  same  data  also  will  be  used  to  Isolate  meteorological  variations. 
Therefore,  a  measurement  program  of  approximately  12  months'  duration  is  in 
progress  in  order  to  get  a  complete  picture  for  all  seasons  of  the  year.  The 
meteorological  measurements  are  being  made  by  members  of  the  U.  S.  Weather  Bureau 
working  In  cooperation  with  the  Meteorology  Department,  USAEPG. 

Since  the  tests  are  not  yet  complete,  a  report  on  their  results  is  not 
possible  at  this  time.  Preliminary  results  have  been  sufficiently  encouraging 
that  the  decision  has  been  made  to  Include  a  LaGrone-type  calculation  in  the  pro¬ 
gram. 
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Figure  4.  Exefflples  of  the  Application  of  db  Equation 
to  Terrain  Typei  3  and  4 


Figure  5.  Map  Showing  Rough  and  Smooth  Profile 
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Figure  7.  Mesual  Profile  of  Smooth  Terrels 


In  addition  to  the  above  profile  measurements,  studies  leading  to  de¬ 
termination  of  an  average  terrain  correction  factor  have  been  in  progress.  The 
goal  here  is  to  obtain  a  correction  factor  for  terrain  which  may  be  somewhat 

less  accurate  than  the  profile  factor,  but  which  can  be  computed  much  more  easily. 

Studies  of  data  previously  reported  in  the  literature  indicate  average  path  loss 
to  increase  with  frequency,  and  also  to  increase  as  the  terrain  becomes  more  rugged. 
The  computer  programs  are  being  written  to  take  into  account  both  the  variation 
with  frequency  and  the  variation  with  ruggedness.  Ruggedness  is  measured  in  units 

of  6h,  where  Ah  is  the  difference  in  height  between  the  peaks  and  valleys  of  a 

region.  This  is  believed  to  give  considerably  more  quantitative  information  to 
the  computation  than  the  expedient  occasionally  suggested  of  assigning  mean  values 
to  something  rather  loosely  defined  as  "mountainous  terrain,"  "rolling  hills,"  or 
"flat"  earth. 

A  correction  for  vegetation  will  be  made  in  a  manner  similar  to  the 
average  terrain  correction.  Path  loss  is  known  to  Increase  with  frequency  and 
with  increasing  thickness  of  vegetation.  These  will  be  stored  in  the  computer  as 
a  matrix  of  values.  The  rows  of  this  matrix  will  account  for  increasing  thickness 
of  vegetation  and  its  columns  will  account  for  Increasing  frequency. 

An  additional  advantage  of  this  type  of  programing  is  its  flexibility. 

As  better  data  become  available  on  average  terrain  or  vegetation  conditions,  it 
will  be  a  simple  matter  to  Improve  the  calculation  without  changing  the  program. 


VII.  RECEIVER  RESPONSE  TO  ENVIRONMENT 


The  process  Involved  in  determining  the  strength  of  signals  received 
at  the  receiver  under  test  is  quite  simple  in  concept.  It  consists  essentially 
of  transferring  each  transmitter  signature  across  the  intervening  distance  to 
the  receiver,  taking  into  account  the  appropriate  propagation  loss. 

The  net  result  of  such  a  computation  is  a  large  amount  of  knowledge 
describing  power  spectra,  but  no  information  on  phase  relationships  among  the 
received  signals.  It  may  safely  be  assumed,  however,  that  these  rf  voltages 
have  random  phase.  There  are  two  reasons  for  this: 

a.  The  on-off  cycling  of  transmissions  by  the  various  radiators  at 
the  rf  level  can  occur  only  in  a  random  fashion. 

b.  Changes  in  phase  due  to  the  propagation  path  may  be  considered 
to  be  random  because  of  the  geographical  dispersion  of  rhe  transmitters. 

It  is  practical  to  compute  the  resulting  power  spectrum  at  the  re¬ 
ceiver  input  terminals,  particularly  after  insignificant  emissions  have  been 
culled  out  early  in  the  computational  process.  Receiver  selectivity  la  the  main 
factor  in  reducing  the  number  of  signals  to  be  considered.  Many  of  the  signals 
will  be  rejected  by  the  selective  circuits  of  the  receiver.  Of  those  which  do 
pass,  a  certain  discrete  number  may  be  expected  to  have  a  significantly  greater 
strength  than  any  of  the  others.  The  remainder  which  pass  will  have  a  random 
amplitude  as  well  as  phase.  Reasons  for  this  are; 

a.  There  exists  a  wide  variation  in  output  power  among  the  various 
transmitters  in  any  deployment. 
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b.  The  transmitters  are  located  at  different  distances  from  the  re¬ 
ceiver;  hence,  the  signals  experience  different  transmission  losses. 

Calculations  necessary  to  consider  these  signals  individually  would  be 
prohibitively  long  and  time  consuming.  Furthermore,  no  Information  is  presently 
available  on  their  collective  contribution  to  Interference  in  the  receiver. 
Existing  information  as  recorded  In  technical  literature  is  restricted  to  the 
mathematical  analysis  of  the  response  of  receivers  to  a  desired  signal  plus  one 
or  possibly  two  Interfering  signals.  Random  noise  may  or  may  not  be  present. 

Such  simple  situations  are  susceptible  to  mathematical  description,  but  are  not 
descriptive  of  a  tactical  situation  in  which  many  interfering  signals  may  be 
present.  Preliminary  studies  indicate  that  any  straightforward,  brute-force 
attempt  to  extend  previous  mathematical  works  to  include  many  interfering  signals 
will  lead  to  prohibitive  mathematical  complexities. 

At  the  other  extreme,  the  performance  of  receivers  responding  to  ran¬ 
dom  noise  has  been  analyzed  in  countless  different  ways.  Between  these  two  ex¬ 
tremes  exists  a  great  void  which  includes  the  practical  case  of  many  interfering 
signals. 


In  the  past  acceptance  ratios  have  been  used  as  a  method  of  evaluating 
the  interference  situation.  An  acceptance  ratio  for  a  comaminlcation  receiver  is 
defined  as  the  ratio,  in  decibels,  of  a  desired  signal  to  an  interfering  signal 
which  will  define  the  tolerable  limit  of  satisfactory  information  reception.  Thus, 
a  step  function  is  postulated,  wherein  a  receiver  experiences  zero  interference 
if  the  ratio  of  desired- to- interfering  signal  is  greater  than  the  acceptance  ratio, 
but  is  considered  completely  Jammed  if  the  signal- to- interference  ratio  declines 
below  this  value. 

Acceptance  ratios,  in  general,  are  highly  subjective  and  must  be 
closely  related  to  a  particular  receiver.  They  are  restricted  to  one-at-a-time 
consideration  of  interfering  transmitters,  and  are  not  considered  completely  satis¬ 
factory,  even  by  those  who  developed  them.  To  date,  however,  very  little  else 
has  been  developed  to  describe  Interference  to  communication  receivers.  Other 
methods  for  handling  this  problem  were  therefore  sought. 

The  information  required  to  perform  a  receiver  calculation  is  avail¬ 
able  from  several  sources,  The  first  source  of  information  is  the  measurements 
being  made  according  to  the  Military  Collection  Plan  for  Equipsmnt  Spectrum  Sig¬ 
natures,  This  plan  will  provide  information  on  the  following  receiver  character¬ 
istics; 

a.  Sensitivity 

b.  Spurious  response 

c.  Intermodulation 

d.  Dynamic  range 

e.  Adjacent- channel  interference 

f.  Selectivity 
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Infonnatloa  on  inherent  noise  of  the  receiver  will  also  be  available. 

Based  on  the  above  types  of  information,  the  receiver  function  for  the 
EMETF  interference  prediction  model  has  been  developed  as  follows: 

a.  The  frequency  and  aBq>litude  of  all  signals  which  may  be  present  in 
the  if.  amplifier  of  the  receiver  are  determined  from  application  of  the  above 
characteristics  to  signals  presented  at  the  receiver  Inpu**  terminals.  As  dis¬ 
cussed  above,  the  selection  and  elimination  process  takes  place  at  several  points 
in  the  coiiq)utation  as  various  attenuation  and  selectivity  factors  are  applied  to 
the  signals  radiated  in  the  area.  As  a  result  of  this  process  the  thousands  of 
frequencies  actually  radiated  are  reduced  to  something  on  the  order  of  a  hundred 
or  less  in  the  if.  amplifier. 

b.  Of  these  hundred  signals,  a  relatively  small  number,  say  5  to  10, 
may  be  expected  to  have  amplitudes  significantly  greater  than  their  neighbors. 
These  few  are  called  "discrete  interfering  signals." 

c.  The  power  content  of  the  remainder,  be  it  100  or  1,000  is  summed. 
This  procedure  is  valid  since  there  is,  in  general,  no  coherence  between  the  sig¬ 
nals.  Also  studies,  both  experimental  and  theoretical,  by  Bell  Aerosystems  Com¬ 
pany  in  Tucson,  have  indicated  that  signals  of  random  phase  and  amplitude,  in  num¬ 
bers  greater  than  about  10,  approach  a  normal  distribution  for  all  practical  pur¬ 
poses,  Figure  9  Illustrates  the  resulting  probability  distribution  function  of 

10  such  signals. 

d.  To  the  power  content  of  the  random  interferers  is  added  other  ran¬ 
dom  noise  present  in  the  if.  amplifier.  This  includes  thermal  agitation  noise 
in  the  input  circuits,  shot  noise,  cosmic  disturbances  in  the  atmosphere,  and  so 
forth.  The  sum  total  of  the  result  is  an  expression  for  total  noise  power,  nor¬ 
mally  distributed.  To  this  remains  to  be  added  the  desired  signal  and  the  dis¬ 
crete  Interfering  signals. 


It  will  be  recalled  that  the  frequency  spectrum  of  a  normal  distribution 
consists  of  lines  of  uniform  height  at  all  frequencies  in  the  band.  Accordingly 
the  normally  distributed  function  is  translated  into  such  a  spectrum,  with  the 
height  of  the  lines  adjusted  to  represent  the  total  power  contained  in  the  func¬ 
tion.  To  this  is  added  the  power  at  each  of  the  frequencies  of  the  discrete  in¬ 
terfering  signals  plus  the  desired  signal.  (See  figure  10.)  This  composite 
signal  is  then  operated  on  by  the  computer  detection  program  which: 

a.  Converts  the  power  spectrum  into  voltages,  assigning  random  phases 
to  the  voltages  in  the  process. 

b.  Sums  the  voltages  in  a  linear  fashion,  then  simulates  the  detection 
process  on  the  resultant  wave.  As  required,  the  simulated  detection  process  ma/ 
be  that  of  an  fm.  detector  or  that  performed  by  either  a  linear  or  square- law  am. 
detector . 


c.  Performs  a  Fourier  analysis  on  the  resultant  audio  (or  video)  power 
spectrum,  which  is  then  ready  for  scoring. 

The  above  is  discussed  in  greater  detail  in  a  companion  paper. ^ 
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Figure  10.  Spectrum  of  Signals  Presented  to  Demodulator 


VIII.  SCORIMG  METHODS 


Scoring  In  the  EMETF  model  Is  accomplished  by  a  computation  which  ac¬ 
tually  simulates  the  interference  detection  equipment  (IDE)  installed  in  the 
field.  Since  an  audio  noise  plus  signal-power  spectrum  is  available  from  the 
previous  computation,  It  is  relatively  simple  to  divide  the  audio  spectrum  into 
the  prescribed  14  bands.  These  bands  are  of  unequal  width  in  frequency,  but 
each  contributes  equally  to  the  Intelligibility  according  to  the  French  and 
Steinberg  theory.  Signal- to- noise  ratios  in  each  of  the  bands  can  be  computed 
and  the  articulation  index  determined,  just  as  in  the  field  equipment.  In  ad¬ 
dition,  it  trill  also  be  possible  to  obtain  a  signal- to-nolse  ratio  of  the  com¬ 
plete  audio  spectrum.  This  nutnber  will  be  useful  for  comparisons  with  other 
field  tests  where  IDE  equipment  may  not  be  used. 
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APPENDIX 


PROPAGATION  OF  RADIO  WAVES  OVER  A  FINITELY 
CONDUCTING  SMOOTH  SPHERICAL  EARTH 

1.  Distance  Formulas— General.  Different  methods  of  computation 
are  expedient  for  the  three  regions  considered  in  the  present  report.  The 
three  regions  are: 

a.  The  optical- interference  region. 

b.  The  diffraction  region. 

c.  The  transition  region,  located  between  the  interference  and 
diffraction  regions. 

2.  Cross  Reference.  In  order  to  facilitate  cross  reference  between 
this  paper  and  the  reports  of  the  National  Bureau  of  Standards,  Central  Radio 
Propagation  Laboratory, ^  the  following  relation  must  be  observed: 

0  -TT.  c  (1) 

2 

where  0  is  the  angle  used  in  these  reports  (and  by  Burrows  and  Attwood  )  and  c 
is  the  angle  used  and  tabulated  in  the  NBS  publications. 

3.  Assumptions: 

Uniform  Gradient.  The  usual  assumption  is  made  that  the  index  of 
refraction  of  the  atmosphere  has  a  uniform  negative  gradient  with  increasing 
altitude.  The  effect  of  this  on  radio  propagation  may  be  taken  into  account  by 
considering  the  atmosphere  to  be  homogeneous  over  an  earth  whose  radius  has 
been  increased  from  a  toju.  The  factor  k  is  a  function  of  the  earth's  radius 
and  the  refractive  gradient  (dn/dh)  and  is  given  by 


1  +  a(dn/dh) 

For  standard  atmosphere,  the  gradient  is  given  approximately  by 

(dn/dh)  -  -(l/4a)  (3) 

so  that,  for  standard  atmosphere 

k  -  4/3  (4) 

To  this  approximation,  the  radius  of  the  equivalent  earth  equals  8.49  X  10  meters 
(5,280  miles).  Exact  values  of  refractive  gradient  auiy  be  substituted  in  equation 
(2)  if  local  conditions  are  to  be  taken  more  carefully  into  account.  Methods  of 
making  these  computations  may  be  found  in  the  references.  The  National  Bureau 
of  Standards,  in  particular,  has  done  much  work  in  this  area. 

Stgooth  Earth.  In  all  calculations  it  is  assumed  that  the  earth 
is  smooth.  Terrain  effects  will  be  bandied  by  means  of  a  separate  factor. 
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4.  Distance  Fonnula8--CoiBputatlon8.  Quantitative  measures  of  the  dis¬ 
tances  from  transmitter  and  receiver  to  the  optical  horizon  may  be  made  from 
consideration  of  figure  A-1.  From  the  figure  it  may  be  seen  that 

ka/(ka  +  hj^)  -  cos  <d^/ka)  (5) 

For  distances,  d^,  of  3,500  miles  or  less  the  first  two  terms  of  the  series  ex¬ 
pansion  for  the  cosine  may  be  used  within  an  accuracy  of  one  per  cent;  thus 

coj  (d,j./ka)  -  1  -  (l/2)(d^/ka)^  (6) 

Expanding  to  the  left  side  of  equation  (5)  by  the  binomial  theorem  and  equating 
to  the  right  side  of  equation  (6) 

1  -  (h^/ka)  -  1  -  (l/2)(<if/ka)^  (7) 

from  which 

dj.  -  (2  ka  (8) 

By  a  similar  procedure 

d^  -  (2  ka  hp^/^  (9) 

so  that 

‘‘l  “  ^  (10) 

Thus  the  criteria  which  determine  whether  a  receiver  at  a  distance  d  from  a 
transmitter  is  in  Its  Interference  or  diffraction  region  are; 

(a)  Optical- Interference  Region: 

d  c^~ka  +\P^)  (11) 

(b)  Diffraction  Region: 

d  >\/2Tk  (  \/h^  +VhJ)  (12) 

Actually,  the  optical  formulas  become  inaccurate  as  the  horizon  is 
approached.  The  diffraction  formulas,  in  the  simplified  form  presented  in  this 
report,  have  the  same  falling.  After  study  of  the  van  der  Pol-Brenmer  equations 
upon  which  the  diffraction  formulas  are  based,  it  was  found  that  most  of  the 
error  in  the  diffraction  equations  occurred  in  the  antenna  height  term.  A  height 
correction  term  has  been  fitted  to  experloiental  and  calculated  results  and  Is 
presented  In  equation  (88).  Optical  formulas  are  used  up  to  the  quadrature  point 
(72)  and  the  modified  diffraction  formulas  beyond. 

5.  Geometric  Distance  Formulas.  The  key  to  all  geometric  distance 
formulas  Is  determination  of  tan  shorn  In  figure  A-2.  It  should  be  noted 
that  antenna  heights  and  angles  are  greatly  exaggerated  In  the  figure. 

It  Is  readily  seen  that 

-  d^/ka  (13) 
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OPTICAL  HORIZOKT 


Geooetry  for  Radio  Propagation  Over  Earth 


6  ••  d/ka  “  (dj^  +  d2)/ka 

hj  -  (h^  -  Ah^)  cos  0j^ 

h/  _ JU _ 

“  (ka  +  sia  Sj,  +  (h^  -  sin  8^ 

«  (hj  -  Ahj)  cos  Sj 
(ka  +  hj  sin  8. 


by  letting 


If  d]^ 1,250  miles,  as  error  of  less  than  one  per  cent  is  introduced 


sin  0j^  “ 
cos  01  “  1 


Under  these  conditions 


Now  hi  is  of  the  order,  at  most,  of  a  few  miles  while  ka  is  approxi¬ 
mately  5,280  miles.  Little  is  lost,  therefore,  in  writing 

tan¥  -  (hi  -Ahi)/di  (21) 

From  equations  (15),  (16),  and  (21)  a  more  useful  form  for  tan  may  be  ob¬ 
tained; 

tan  f  -  (h{  +  h2)/d  (22) 


It  is  necessary  to  evaluate  Ab^  and  Ah-  in  order  to  make  use  of  the  equations. 
By  referring  to  figure  A-2  it  may  be  seen  that  an  antenna  of  height  Ah^  would 
be  located  a  distance  d^  from  its  optical  horizon.  Thus,  from  equation  (8) 

2 

/Ihi  -  d^/2ka  (23) 

so  that 

'  2 

hi  -  hj^  -  (d^/2ka  (24) 

'  2 

h2  «  hj  -  (d2/2ka)  (25) 

Making  use  of  equations  (24)  and  (25),  equation  (22)  oiay  now  be  written  in  the 
form 


hf  +  h2 


.  rf2 

di  +  d2 
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2  2  1 
Consider  the  quantity  (d,  +  d  )/2kad.  Following  Burrows  and  Attwood 

(p.  387)  let  '■  ^ 

d^  -  (d/2)(l  +  b)  (27) 


dj  -  (d/2)(l  -  b)  (28) 

80  that  the  sum  of  d^  and  d  is  still  d.  Squaring  equations  (27)  and  (28)  and 
adding 

d^  +  dj  -  (d^/2)(l  +  bS  (29) 

The  general  expression  for  tan  Y  in  terms  of  b  is  then 

1/  b,  +  b,  d(l  +  b^) 

tan/  -  1  2  -  (30) 


The  fact  that  the  sum  of  d]^  and  d2  is  always  d  establishes  a  condi¬ 
tion  on  b;  nasiely 

0<ib|^l  (31) 

The  greatest  correction  would  result  as 

|bi-^l  (32) 

so  that  the  expression  for  tan  Y  with  maximum  correction  subtracted  is 

tanr-.^Lli2._l  (33) 

d  2ka 

If  it  is  desired  that  the  d/2ka  term  have  an  effect  on  the  result 
which  is  less  than  p  per  cent,  a  criterion  which  will  always  assure  this  is 
given  by 

hi  +  h„  r  a  ”1  Finn  1 


1  ^2  >Ld_1  [mJ 

d  L2kaJ  L  P  . 


If  the  crlter:^on  is  met,  Ah  may  be  neglected  ^n  all  equations  to  fol¬ 
low.  This  means  that  h]^  may  be  Interpreted  as  b^,  and  h^  as  h^. 

If  the  criterion  is  not  met,  dj^  must  be  computed.  It  was  previously 
written  that 

dj  -  (d/2)(l  +  b)  (27) 


-  (d/2)(l  -  b) 


hi  -  (hi  +  h2)(l  +  c)/2 
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and 


h2  -  (hj  +  h2)(l  -  c)/2 

where  b  is  to  be  computed.  Its  physical  significance  is  indicated  by 
b  -  (d^  -  d2)/(d^  +  d^) 


“1  “2 

'  ‘  h,  +  h,  (38) 

X  2 

It  is  assumed  that  h.  '=*- and  d^  >>  d2  so  that  b  and  c  will  always  be  positive. 
This  is  always  possible  because  of  the  principle  of  reciprocity.  It  previously 
has  been  shown  in  equation  (21)  that 

h^/d^  -  hj/d^  (39) 


(h^/dp  -  (di/2ka)  -  (h2/d2)  -  (d2/2ka) 
Substituting  for  and  dj  from  equations  (27)  and  (28) 


“1  ^  ‘‘a 

"l  +  C 

d(l  +  b)  h^  +  hj 

■  1  -  c 

d 

Li  +  bj 

4ka  d 

.1  -  bJ 

(1  -  b) 

4ka 


which  simplifies  to 

Ph^  +  h,!  2(c  -  b) 


Solving  for  c 


c  “  b  ^  bm(  1  ~  b*) 


B  -  d  /4  ka(bj^  +  h2)  (44) 

Solution  of  equation  (43)  for  b  then  permits  dj^  and  d2  to  be  obtained  from 
equations  (27)  and  (28). 

I  I 

With  d.  and  d.  known  it  is  then  possible  to  compute  hj^  and  h.  from 
equations  (24)  and  (25). 

6.  Path  O^fferen^e.  All  quantities  will  be  written  in  terms  of  the 
equivalent  heights  h]  and  h2  with  the  understanding  that  h^  and  b2  may  be 
%rritten  instead  if  the  tan  ^criterion  is  met. 


5  '  '  7"!  ^ 

d^  +  (h^  -  h2)^ 
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-  djl  +  (l/2)(hj  -  hpW  -  (l/8)(hj  -  h2)^/d^  +  .  .  ^  (45) 

r2  '  *211/2 

.  r2  .  [d  .  (h,  . 

r  **22  '  '  4  A  -]v‘*o> 

-  d  [l  +  (l/2)(hj^  +  hj)  /d^  -  (1/8) (h^  +  h2)  /d^  +  .  .  j 

rj^  +  -  d  [2h^h2/d  -  hjh2(hi  +  h2  )/d^  +  .  .  J 

-  (2h|h2/d)  [l  -  (hj^  +  h22)/2d^J  (47) 

7.  Path  Ratio.  The  path  ratio  Is  easily  shown  fr^  the  above  to  be 

r^/(rj^  +  r^)  “  1  -  2hjh2/d^  +  hj^h2(hj^^  +  h2^)/d^  -  .  .  .  (48) 

8.  Calculations  Involving  Electrical  Quantities.  In  the  following 
paragraphs,  equations  are  presented  which  will  be  used  In  calculation  of  path 
loss  over  a  smooth  spherical  earth.  Many  of  the  equations  are  presented  with¬ 
out  derivation,  since  these  are  readily  available  In  the  references.  Refer¬ 
ences  2  and  3  are  particularly  recommended  for  these  derivations.  Equations 
developed  Independently  of  the  references  have  been  presented  In  full.  In 
addition,  the  development  of  some  equations  contained  In  the  references  Is 
presented  here  so  that  evaluation  may  be  made  of  the  effect  of  terms  neglected 
In  the  original  derivation. 

a.  Basic  free  space  equation  (between  omnidirectional  radiators) 


h  «La_T 


It  Is  required  only  that  A  and  d  be  in  the  same  units. 

b.  Spherical  earth  effect  In  the  optical  Interference  region 

2 

Multiply  free-space  equation  by  the  factor  A 

-  (1  -  K)^  +  4K  sin^  (-A/2)  (5 


where 


K  -  (F2/F1)  fiD 


J\  -  +  0  -  n  (52) 

2 

F|^  Is  the  fraction  of  the  maximum  antenna  power  gain  in  the  direction  of  the 
direct  ray. 

2 

?2  the  fraction  of  the  maximum  antenna  power  gain  in  the  direction  of  the  re¬ 
flected  ray. 

|U  and  0  are  the  modulus  and  angle  of  the  reflection  coefficient;  that  is 
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(53) 


R  -  l<Jexp  (j0) 

D  Is  the  divergence  factor  introduced  to  account  for  the  decreased  gain  pro¬ 
duced  by  the  spreading  of  a  wave  reflected  from  a  spherical  surface. 

<f  Is  the  phase  retardation  caused  by  the  fact  that  the  path  length  rj^  +  rj  ^  r^ 

c.  Calculation  of  reflection  coefficient  (see  Equation  92,  ff.) 


For  vertical  polarization: 


sin  ^  -  ^g-co8 
(.f.  sinY  +  /"(Eg  -  C08^ 


For  horizontal  polarization: 


Pi,  «p  (jOi,: 


^  ^  sin  ¥  -  ^JC~-~cou^ 
sin  ¥  +  Ji.  -  cos^F 


In  both  cases 


£  =  £  +  J60X  (5" 

^  r 


Is  the  dielectric  constant  of  the  earth  (dimensionless). 

A  Is  the  wave  length  (meters) . 

(S  Is  the  ground  conductivity  (mho/meter) . 

¥  i.%  shown  in  figure  A- 2. 

d.  Calculation  of  phase  retardation  angle, cT 

‘  ^  ^’^l  ’^2  ■  V  <57) 

e.  Calculation  of  divergence  factor,  D 

3 

From  Kerr  (equation  365,  p.  99)  the  exact  expression  for  the  divergence  factor, 
D,  Is 

r  /.  j  j  ,  -i-i/2 


4 

1  +  — 

ka 


d  ’  sin  Z. 


sin  2  “  2  sinf^  coa  ¥ 


2  hidj 


hi2  +  d^^ 


9,0  ] 


whence 


-1/2 


(60) 


4 

1  +  — 

ka 


dld2 


+  d^ 


1  + 


2d2hi 


2d2di 


ka  d  ka  dh. 


j 

yn 


Now  d2  la  always  leas  than  d  and  hj^  will  always  be  much  leas  than  ka;  hence,  the 
second  term  in  the  above  expression  nay  be  neglected.  Thus  the  expression  be¬ 
comes 

1-1/2 


-  2  n 

-1/2 

r  2“i 

,  2d  dj 

2dtdy 

1  +  2  J- 

or  D  “ 

1  + — 

ka  dh^ 

ka  dh^ 

(61) 


Recalling  that 


(hj^/dj)  ■=  (hj/dj)  ••  tanV^ 


equation  (61)  may  be  put  in  a  form  such  that  the  relative  heights  of  h]^  and  h2 
are  immaterial.  Thus  the  formula  for  computation  is 


--1/2 
ka  d  tan^ 


2did2 


(62) 


Care  must  be  taken  in  the  evaluation  of  formulas  for  D,  since  in  general  neither 
term  in  equation  (62)  may  be  neglected  with  respect  to  the  other. 

f.  Calculation  of  distance  to  first  quadrature,  d  .  In  order  to 
determine  the  regions  of  validity  for  path  losses  cooiputed  from  9he  optical- 
interference  equations  and  those  computed  from  the  diffraction  equations,  it  is 
necessary  to  know  the  distance  from  the  transmitter  to  the  most  remote  quadra¬ 
ture  point  in  the  Interference  region.  Such  determinations  are  usually  made  by 
assuming  that  K  in  equation  (50)  is  equal  to  unity  so  that  the  first  quadrature 
occurs  when 

-/!•  TT/2  (63) 

It  may  readily  be  seen  from  equations  (52)  and  (57)  that  A  is  smallest  when  d 
Is  largest,  so  that  the  first  quadrature  is  the  one  most  remote  from  the 
transmitter. 


A-  ^  •  (2TT/A)(r^  +  r2  -  r^)  -n/2  (64) 

The  path  difference  (r^  +  Tj  -  r^)  is  approximated  as 

’'l  *'2  ■  *^0  *  ^hihj/d  (65) 

The  problem  is  to  determine  the  distance,  d,  from  the  equa¬ 
tions  without  knowledge  of  d^  and  d2.  Burrows  and  Attwood  give  an  approxlaui- 
tion  for  the  path  difference  (their  equation  82)  which  requires  that  h^->hj^. 
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This  Is 


2h,  h.  dh, 

Tl  +  -  r©  -  ^  (66) 

d  KA 

An  approxlattlon  which  gives  very  satisfactory  results  re¬ 
gardless  of  the  relative  heights  of  hj^  and  h2  is  achieved  hy  replacing  the  sub¬ 
tractive  term  in  equation  (66)  by 


^1^2  ^2 
(hj  +  hp^  ka 


Making  use  of  this  approxisMtion,  equation  (64)  nay  be  written  in  Che  form 


bh  -  ^1^2  .  \^1  +  .  ‘*q  .  A 

d  (hjL  +  hj)  (h^  +  hj)  ka  4 


h  h,  Jh?  +  h?  5 

-LLLl - L  d^  +  A  d  .  2h,h,  -  0 

ka  (hj  +  hj)^  S  4  *»  ^ 


(h^  +  hj)  ka 

2hih2  +  h^ 


dj  +  (A/4)dq  -  2hih2  -  0 


d  -  cX  /(-A) 2  +  ^h^hj  . 

^  [_V  4  —51  4 

g.  Spherical  earth  effect  in  the  diffraction  region.  The  correc¬ 
tion  for  the  presence  of  the  earth  in  the  diffraction  region  involves  the  cal¬ 
culation  of  a  single  mode  of  the  van  der  Pol-Bresmer  expression  for  propagation 
over  a  finite,  spherical  earth.  The  correction  requires  multiplication  of  the 
free  space  equation  by  a  factor  where 


A  -  2Aj  Hj,  Hjj  (73) 

The  fundamental  equations  are  established  so  Chat,  if  the  earth  were  plane  and 
perfectly  conducting,  the  value  of  A  would  be  2.  Imperfect  conductivity  of  the 
earth  requires  Introduction  of  the  factor  Aj^.  The  spherical  shape  of  the  earth 
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ry  of  Geometric  Distance 


causes  Introduction  of  the  screening,  or  shadow  factor  Fg  which  also  is  less 
than  one.  Hj.  and  Hp  are  the  height  factors,  respectively,  of  the  transmitter 
and  receiver.  The  basic  equations  are  «nrltten  in  terms  of  antennas  located 
at  ground  level.  The  factors  end  Hg,  in  general  greater  than  unity,  are 
introduced  to  account  for  a  rise  in  field  strength  in  the  diffraction  region 
as  antenna  height  is  raised. 

(1)  Plane  earth  factor, 

To  an  approximation  sufficient  for  present  purposes,  the 
plane  earth  factor  is  given  by 


Aj^  =  1/p  d 

where,  for  vertical  polarization 


(bOcTA)^ 


-  1)  + 


el  +  (60(fA)^ 


211/2 


and  for  horizontal  polarization 


It  will  be  noted  that 


-  {2n/A)  [(fj.  -  1)2  + 


The  above  expressions  are  satisfactory  except  for  the 
case  of  vertical  polarization  over  sea  water  at  distances  less  than  50/p'  and 
wave  lengths  greater  than  one  meter  (f^  300  Me).  This  special  case  will  not 
be  considered  at  present,  but  will  be  added  to  the  program  at  a  later  date. 

(2)  Shadow  factor, 

Well  within  the  diffraction  region  the  shadow  effect  pro¬ 
duces  an  exponential  drop  in  field  strength.  Except  for  the  case  noted  above 
in  connection  with  the  factor  Aj^,  the  shadow  factor  is 

Fg  -  j2.507(sd)^'^2  (-1.607  sd^  +  0.8  exp  Ij-(*d)^^3 

(78) 

where 

s  -  (2ir/A)^''^/(ka)^^^  (79) 

Equation  (78)  is  quite  accurate  provided 

sd  1.5  (80) 

It  introduces  very  little  error,  even  up  to  values  given  by 


sd  “  0.2 
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(3)  Height-gain  factors,  and  Hg 

la  computing  the  height-gain  factors  it  is  convenient 
to  distinguish  between  low  and  high  antennas.  Low  antennas  are  those  lower 
than  a  critical  height,  h  ,  and  high  antennas  are  those  higher  than  h^.  The 
critical  height  is  determined  from 


h^  “ 

For  low  antennas  the  gain  is  a  function  of  Q  and  ih,  where 

Q  “  f  /SO^TA 


and 


The  magnitude  of  H  for  a  low  antenna  is  given  by 

2ih 


1/2 


For  a  height  larger  than  kli,  the  above  simplifies  to 


Thus  the  radio  gain  when  both  antennas  are  low  would  be  expressed  as 


(82) 

(83) 

(84) 

(85) 

(8ft) 


A  -  2AiF,  (H^),j  (Hj^)r 


(87) 


If  the  antennas  are  higher  than  h^,  the  height-gain  function  increases  exponen¬ 
tially.  The  Increase  in  gain  over  ih  is  represented  by  g,  where 


0,377  exp  (2.275 
(m'h)^''^(2,77m'h  +  0.86) 


(88) 


The  above  expression  for  g  was  obtained  by  fitting  curves  to  obtain  values 
which  agree  with  calculation  and  experiment.  In  the  expression 

m'  -  (4T?^/A2ka)^^^  (89) 

Thus  the  height-gain  factor  for  a  very  high  receiving  antenna  would  be 

(Hjj)^  -  g^h  (90) 

h.  Reflection  coefficient  (vertical  polarisation).  The  reflection 
ccetficient  for  vertical  polarization  is  given  exactly  by 

8lnf‘^  - 

c  -.-Mr  ,  ./7  _ 2  i/ 


/Oexp  (J0) 


(54) 


where 


and  let 


jeocTA 


Consider 


C  -  co^V  ■■  (£  -  cos^il^)  +  jhOCTA 


£'  *  “  cos 


Q'  -  -  co8^^)/60CrA  -  €760CfA 


Q  “  €  /feO(5"A 
r 


^  -  sin^<' 


sin^  -  +  jd/Q^ 

-  cos¥j  -  y[r  [i  +  j(l/Q')]^^^ 

tf/i^{}  +  j(l/Q)]  -  {v  \}  + 

exp  (J0)  ^  j(l/Q)]  +  ^  'fi  +  j(l/Q'y]l/2 


The  above  nay  be  put  Into  the  form 


(a  -  b)  -  J(c  -  d) 
(a+b)  +j(c+d) 


a  -  Yf'i, 


b  -  {('/2q'  (7q’^  +  1  +  »^£rQ’/2Qr^+  (1/Q')^  +  ^ 

(lOi 

c  -  \l(/q'/ZQ)  pi  +  d/Q')^  -  (10 


d  '  ll/(^/Q 


which  is  of  the  form 


(x  -  y)  +  Jw 
(x  +  y)  +  Jw 


(1 


which  may  be  written 

(  X  +  y)^  + 

2vy 

“•  <* « -  x^TTr?" 


. -i 

CM 

Jl  +  (l/Q*)^-  i 

1/2 

T“ 

Jl  +  (l/Q*)^ 

*i] 

-  f2  +  S^lJl  +  (1/q')2  -  ij 

tan  (0) 


/2»'  L/l  +  d/Q')^  -  il 
c  +  (1/q^- 


x^  +  y^  +  w^  -  2xy 
x^  +  y^  +  w^  +  2xy 


(1 


(1 


('2  +  (1/Q')2  +  y*2  .  ^  e'[/r  +  (1/q’)2  +  1^/2 
('2  +  (1/q')2’+  ^  +  (1/Q’)^  +  1]^'^ 
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A  FACILITY  F(»  THE  INVESTIGATION  OF  RADIO- INTERFERENCE  PROBLEMS 


L.  F.  Babcock 
Bell  Aerosystems  Company 
Division  of  Beil  Aerospace  Corporation 
Tucson,  Arizona 


Abstract .--The  ever-increasing  problem  of  electromagnetic  interference  and  the 
consequent  deterioration  of  communication  channels  has  led  to  the  design  and 
development  of  a  field  facility  in  southern  Arizona  to  determine  methods  of  al¬ 
leviating  the  problem.  Bell  Aerosystems  Company  has  been  given  the  responsi¬ 
bility  by  the  United  States  Army  Electronic  Proving  Ground  to  create  a  facility 
for  the  investigation  of  the  electromagnetic  interference  problems  which  an 
army  corps  would  encounter  during  combat. 

At  the  present  time,  approximately  12,000  electromagnetic  radiating 
devices,  all  located  within  a  geographical  area  of  40  by  60  miles,  are  used  by 
an  army  corps.  To  represent  the  electromagnetic  environment  created  by  these 
devices,  military  equipment  is  being  used  to  provide  a  realistic  representation 
of  actual  conditions. 

Representative  quantities  of  equipment,  placed  in  such  a  manner  as 
to  produce  an  accurate  representation  of  full-scale  deployments,  are  positioned 
around  a  test  site  to  permit  a  few  equipments  to  represent  many.  Various  items 
of  electronic  equipment  will  be  placed  into  this  environment  and  the  amount  of 
degradation  in  performance  created  by  or  affecting  these  equipments  will  be 
measured. 


Automatic  environment  control,  interference  measurement,  and  data  re¬ 
cording  will  permit  the  accomplishment  of  up  to  1,000  tests  per  day.  An  IBM 
709  computer  will  be  used  to  program  the  environment  and  to  analyze  the  inter¬ 
ference  data. 

The  facility  in  concept  is  sufficiently  versatile  to  generate  almost 
any  conceivable  configuration  of  electromagnetic  environment  and  can  be  ex¬ 
panded  or  modernized  as  may  be  required  for  future  utilization. 


I.  INTRODUCTION 


As  long  ago  as  World  War  II,  the  United  States  Army  recognized  the 
existence  of  an  interference  problem  caused  by  the  use  of  a  large  amount  of 
communication  and  electronic  equipment  in  a  relatively  confined  area.  Exercise 
Feeler  was  conducted  prior  to  the  invasion  of  Normandy  in  June,  1944,  to  obtain 
a  measure  of  the  severity  of  the  problem  and  to  determine  corrective  action 
which  would  minimize  its  effects.  In  spite  of  the  improvements  thus  accom¬ 
plished,  considerable  difficulties  were  experienced  during  the  actual  invasion. 
Since  that  date,  the  amount  of  electronic  equipment  in  use  by  the  Army  has  in¬ 
creased  by  a  factor  of  about  4  or  5.  There  are  now  about  12,000  transmitters 
assigned  within  an  army  corps  which  normally  occupies  an  area  about  40  miles 
wide  and  60  miles  long.  Furthermore,  there  is  every  reason  to  expect  that  the 
number  of  transmitters  in  use  will  continue  to  increase  in  the  future. 

Consequently,  in  1955  the  Array  initiated  a  special  study  known  as 
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Project  Monmouth  to  ascertain  the  extent  of  the  interference  problem  which  would 
exist  in  the  future.  This  study  concluded  that  considerable  interference  could 
be  anticipated  and  recommended  that  theoretical  and  experimental  investigations 
be  initiated  to  determine  more  precisely  the  parameters  causing  interference  in 
radio  equipment.  It  was  further  recommended  that  an  electronic  test  sector 
simulating  the  combat  environment  be  created.  As  a  result  of  this  effort,  the 
Army  established  a  technical  requirement  for  the  Electromagnetic  Environmental 
Test  Facility  (EMETF) .  Subsequently  a  contract  was  awarded  to  Pan  American 
World  Airways  with  the  Bell  Aerosystems  Company  being  a  major  subcontractor 
with  the  responsibility  of  establishing  the  interference  test  facility. 


II.  ELECTROMAGNETIC  ENVIROtiMENTAL  TEST  FACILITY 

The  present  contract  covers  a  period  of  two  years,  ending  in  March  of 
1962.  During  this  period  the  contractor  will  complete  a  facility  capable  of 
testing  all  communication  equipment  currently  assigned  to  a  division  in  the  elec¬ 
tromagnetic  environment  created  by  the  communication  equipment  assigned  to  a 
corps . 


It  was  determined  that  only  by  use  of  a  field  facility  in  conjunction 
with  a  RFI  Prediction  Model  could  the  Army  obtain  the  data  that  are  required  to 
establish  the  causes  of  interference.  Such  a  facility  would  be  designed  to  re¬ 
create  the  electromagnetic  environment  which  would  actually  be  expected  to  occur 
under  combat  conditions.  It  would  then  be  possible  to  place  various  items  of 
electronic  equipment  into  this  environment  and  to  observe  whether  any  degrada¬ 
tion  in  performance  occurred.  A  realistic  field  facility  is  required  since  it 
assures  valid  results.  Meteorological  and  terrain  effects,  for  example,  cannot 
be  duplicated  in  the  laboratory.  This  is  to  be  a  proving- ground  type  of  facility 
for  final  evaluation  of  equipment  suitability.  The  required  size  of  the  facility 
is  determined  by  the  range  of  the  equipment  involved,  and  by  the  size  of  the 
area  over  which  a  realistic  electromagnetic  environment  is  required.  Figure  1 
shows  the  size  of  the  facility  which  is  being  built  during  the  present  two-year 
contract.  It  is  the  size  of  an  army  corps  area,  extends  approximately  6'  miles 
east  from  Gila  Bend,  and  is  approximately  40  miles  wide.  This  site  was  chosen 
for  the  facility  because  it  is  sparsely  populated  and  is  subjected  to  compara¬ 
tively  little  electromagnetic  radiation.  It  is  also  near  Fort  Huachuca  from 
which  the  Army  directs  the  program.  The  inner  rectangle  marked  by  a  double  X 
indicates  the  land  occupied  by  the  center  division.  All  tests  for  interference 
are  being  conducted  within  this  area.  The  remainder  of  the  facility  is  used 
only  to  generate  the  necessary  electromagnetic  environment. 

Obviou.sly  the  most  realistic  method  for  establishing  such  an  environ¬ 
ment  would  be  actually  to  disperse  troops  into  the  field  and  to  have  all  elec¬ 
tronic  equipment  operated  in  the  normal  manner.  Such  a  scheme,  however,  is  im¬ 
practicable  since  an  army  corps  contains  approximately  12,000  radiating  devices; 
even  if  only  radio  operators  were  deployed  in  the  field,  the  cost  of  the  program 
on  a  long-term  basis  would  be  prohibitive.  Furthermore,  many  human  errors  would 
be  encountered  in  such  an  approach  and  automatic  operation  is  thus  much  more 
desirable . 


A  realistic  environment  requires  the  use  of  actual  military  equipment 
to  create  the  environment.  Simulators  used  for  this  purpose  would  not  generate 
all  transmitter  harmonics,  spurious  radiations,  and  other  out-of-band  signals 
in  addition  to  the  normal  signals.  Out-of-band  signals  which  a  transmitter  radl- 
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Fig.  1  Electromagntic  environmental  Test  Faci 


ates  are  expected  to  be  one  of  the  major  sources  of  interference.  There  are 
a  number  of  advantages  obtained  by  the  use  of  actual  Army  hardware.  First  is 
the  assurance  that  the  electromagnetic  environment  thus  created  is  realistic. 
Second  is  the  ability  to  modify  the  equipment  in  accordance  with  modification 
work  orders  which  the  Army  releases  from  time  to  time  to  improve  the  perform¬ 
ance  of  existing  equipment.  Thus  it  is  possible  to  keep  the  environment  up  to 
date.  Third  is  the  fact  that  the  Army  equipment  is  in  production  and  available. 
Consequently,  the  facility  can  be  built  in  a  shorter  period  of  time  and  at  less 
expense  than  if  it  were  first  necessary  to  design  and  then  fabricate  some  sort 
of  electronic  device  to  be  used  Instead  of  Army  equipment. 


III.  EQUIPMENT  REDUCTION  PRINCIPLES 

There  are  several  factors  which  were  used  to  justify  the  reduction 
in  the  number  of  transmitters  required  to  create  a  complete  and  realistic  en¬ 
vironment. 


The  first  factor  is  that  most  of  the  Army  communication  equipment  is 
operated  in  groups  or  nets  with  5  or  10  units  assigned  a  single  frequency.  Only 
one  transmitter  in  a  net  is  ever  operated  at  a  time.  Consequently,  it  is 
generally  possible  to  replace  all  sets  in  a  net  by  a  single  transmitter  and  to 
Increase  the  duty  cycle  of  this  transmitter  so  that  it  represents  the  signal 
from  any  radio  set  in  the  net.  There  are  certain  exceptions  to  this  rule,  such 
as  when  a  net  contains  more  than  one  type  of  transmitter  or  when  various  trans¬ 
mitters  of  the  net  are  close  to  several  test  sites.  Since  there  are  about 
1,800  nets  within  an  army  corps,  this  factor  allows  an  equipment  reduction  of 
abovit  6:1. 


The  second  factor  is  to  eliminate  all  transmitters  which  do  not  con¬ 
tribute  to  the  electromagnetic  environment  at  the  test  sites  because  of  their 
low-power  or  directional  type  antennas.  In  considering  the  elimination  of  such 
sets,  it  is  first  necessary  to  establish  the  points  at  which  Interference  test¬ 
ing  will  be  accomplished.  Since  it  is  desired  to  test  all  types  of  communica¬ 
tion  equipment  in  an  array  division  under  any  likely  condition  of  environment, 
it  would  first  be  thought  that  the  facility  must  be  capable  of  testing  for  inter¬ 
ference  at  any  point  within  the  division  area  and  that  it  would  therefore  be 
necessary  Co  create  an  accurate  environment  over  the  entire  division  area. 

Further  study  indicates  that  this  is  not  so,  as  shown  in  figure  2. 

Each  symbol  or  mark  on  the  figure  represents  an  active  Army  trans¬ 
mitter.  Only  the  area  occupied  by  the  center  division  is  shown.  The  flank 
divisions  contain  similar  deployments  of  equipment.  It  can  be  noted  from  this 
figure  that  there  is  little  change  in  the  type  of  equipment  deployed  along  any 
vertical  line;  for  example,  AN/PRC-6  and  AN/PRC- 10  "walkie  talkies"  are  almost 
always  deployed  near  the  front,  and  the  equipment  used  by  the  artillery  is 
furctier  to  the  rear. 

Consequently,  equipment  deployed  along  any  line  parallel  to  the  for¬ 
ward  edge  of  the  battle  area  will  contain  few  changes  in  types  deployed,  whereas 
along  a  line  extending  from  the  front  of  the  battle  area  towards  the  rear,  the 
tvpes  and  the  configuration  of  equipment  deployed  are  continuously  variable. 

As  a  result  of  this  situation,  it  has  been  established  that  similar  types  of 
interference  will  be  encountered  along  any  line  parallel  to  the  forward  edge  of 
the  battle  area;  therefore,  it  is  necessary  to  test  for  interference  only  along 
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a  single  line  perpendicular  to  the  forward  edge  of  the  battle  area.  Minor 
changes  of  electromagnetic  environment  which  would  exist  at  other  points  can 
be  duplicated  on  this  line  by  slight  changes  in  the  location  of  certain  trans¬ 
mitters.  Two  sites  have  been  established  along  this  line  at  which  to  test 
for  interference.  Each  test  site  is  located  at  a  point  of  high  equipment 
density  since  maximum  interference  is  expected  at  such  locations.  Additional 
test  sites  will  be  Installed  as  required  when  the  facility  is  expanded. 

When  the  test  site  positions,  which  are  permanent,  have  been  es¬ 
tablished,  it  is  possible  to  determine  which  of  the  12,000  radio  sets  opera¬ 
ting  in  the  corps  area  would  never  be  able  to  radiate  a  significant  signal 
into  either  test  site.  Many  low-powered  radio  sets  can  thus  be  eliminated 
from  the  facility  because  their  range  from  the  test  site  is  so  great  that 
they  do  not  contribute  lo  the  environment  at  that  point.  Certain  higher- 
powered  equipments  with  directional  antennas,  such  as  the  AN/TRC-24  radio 
relay,  can  be  eliminated  from  the  facility  for  the  same  reason. 

The  third  factor  is  that  certain  of  the  12,000  radio  sets  within 
the  corps  area  are  assigned  to  troops  being  held  in  reserve.  Such  equipment 
is  only  rarely  operated  and,  in  fact,  is  usually  ordered  to  maintain  radio 
silence.  Therefore,  most  of  this  equipment  was  eliminated  from  the  field 
facility. 


After  all  three  of  these  factors  have  been  applied  to  reduce  the 
number  of  transmitters  which  must  be  retained,  it  turns  out  that  about  412 
sets  are  actually  required  to  generate  a  realistic  electromagnetic  environ¬ 
ment  within  the  two  sites  at  which  tests  will  be  made  for  interference.  This 
is  a  much  more  workable  number  than  12,000  and  begins  to  Indicate  that  it  is 
practicable  to  use  actual  military  equipment  to  generate  the  necessary  signals. 

The  next  item  to  be  considered  is  the  manner  in  which  the  412  re¬ 
quired  radio  sets  will  be  positioned  in  the  field.  First  the  battlefield 
situation  which  is  to  be  duplicated  within  the  test  facility  must  be  estab¬ 
lished.  This  is  accomplished  by  the  preparation  of  a  tactical  scenario  which 
describes  in  detail  for  a  given  Instant  during  a  battle  the  positions  of  all 
troops  and  equipment  in  the  field.  Next  the  three  factors  which  were  dis¬ 
cussed  earlier  are  applied  to  establish  which  items  of  equipment  can  be  elimi¬ 
nated.  There  are  about  412  sets  retained  with  each  located  at  a  different 
position  in  the  facility.  They  would  then  be  assigned  the  frequency  and  rf 
power  level  with  which  they  would  be  expected  to  operate  in  a  tactical  situa¬ 
tion.  They  would  also  be  provided  with  the  proper  type  of  antenna  and  modula¬ 
tion  signal. 

Since  a  costly  and  complex  facility  would  be  required  to  control, 
modulate,  and  power  this  number  of  sets,  it  was  established  that  they  should 
be  grouped  in  some  manner  to  simplify  the  problem.  The  only  objection  to 
such  a  scheme  is  that  when  the  location  of  a  piece  of  equipment  is  changed,  the 
amplitude  of  the  signal  which  it  would  radiate  into  the  test  sites  might  also 
change . 

To  minimize  this  effect,  no  item  of  equipment  is  moved  by  an  amount 
which  would  cha.nge  the  ’evel  of  the  signal  radiated  into  the  test  site  by  more 
than  a  few  db.  This  means  that  no  sot  will  be  moved  in  range  with  respect  to 
the  test  sites  by  an  amount  greater  than  about  25  per  cent.  Application  of 
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this  rule  allows  the  equlpsient  deployed  over  a  large  area  to  be  grouped  about 
a  single  point  in  cases  where  the  range  to  the  test  sites  is  great.  At  shorter 
ranges,  smaller  groupings  are  required.  In  the  immediate  vicinity  of  the  tost 
sites,  equipment  will  be  individually  deployed  in  the  location  specified  by  the 
tactical  scenario.  The  entire  field  facility  will  contain  a  total  of  26  groups 
of  equipment  deployed  as  shown  in  figure  3. 


IV.  EWIRONMENT  GENERATOR  SITES 

An  air-conditioned  van  (figure  4)  will  be  installed  at  each  of  the 
24  environment  generator  van  sites.  These  vans  will  house  the  necessary  con¬ 
trol  devices  to  allow  all  equipment  within  the  group  to  be  operated  autontati- 
cally.  Up  to  40  transmitters  can  be  controlled  at  each  site.  These  sites 
will:  (1)  provide  modulation  for  all  types  of  radio  communication  equipment; 

(2)  supply  station  Identification  for  all  transmitters  within  the  group;  (3)  re¬ 
cord  any  malfunctions  which  occur;  (4)  provide  both  primary  and  emergency  com- 
nmnication  as  required  for  the  conduct  of  tests  and  for  safety;  (5)  control 
any  transmitter  in  the  group  to  either  on  or  standby;  and  (6)  provide  personnel 
comfort  for  the  two  persons  assigned  to  operate  and  maintain  the  complex  of 
equipment  in  and  around  each  van. 

A  separate,  portable,  gasoline-driven  motor  generator  will  supply  the 
electrical  power  required  by  each  van.  These  vans  are  called  environment 
generator  or  EG  vans  since  their  primary  purpose  is  to  house  the  electrical 
distribution  systems  and  control  equipment  for  the  environment  generators  at 
the  EG  sites. 

A  Spiral-4  cable  will  be  run  from  the  Forward  Test  Site  to  each  EG 
van.  It  will  carry  control  signals  from  the  master  control  station  to  each 
site.  It  will  also  allow  telephone  communication  with  all  other  sites  in  the 
facility.  Wire  was  chosen  for  the  control  medium  since  it  allows  the  facility 
to  be  operated  without  the  addition  of  any  nontactical  radio  signals. 

A  typical  van  interior  is  shown  in  figure  5.  Each  van  contains  an 
IBM  Model  323  Gang  Sumgaary  Punch  which  is  used  as  a  card  reader  to  control  all 
transmitters,  which  are  called  environment  generators  or  EG's,  to  on  or  standby. 
Each  column  on  the  IBM  card  controls  a  single  environment  generator.  Each  card 
controls  all  environment  generators  associated  with  a  single  van  to  a  preplanned 
condition  of  on  or  standby.  Thus,  a  specific  condition  of  environment  la  set 
up.  Each  time  that  the  card  reader  is  advanced  to  the  next  card,  a  new  condition 
of  environment  Is  achieved.  During  actual  field  tests,  a  common  tone  signal 
from  the  master  control  station  is  used  to  advance  all  card  readers  In  all  EG 
vans  to  the  subsequent  card,  simultaneously.  In  this  manner,  all  transmitters 
In  all  sites  can  be  controlled  to  any  predetermined  configuration  of  on  or  stand¬ 
by. 


To  assure  that  the  proper  card  Is  being  read  by  each  card  reader,  a 
special  card  check  circuit  was  devised  to  read  the  serial  number  of  the  active 
card  in  each  van.  The  numbers  from  all  vans  are  coded  Into  a  group  of  tones 
and  are  sent  over  the  wire  lines  to  the  Forward  Test  Site.  Here  the  tones  are 
decoded  and  checked  to  assure  that  cards  with  the  same  serial  number  are  being 
read  in  each  van.  If  a  card  In  one  van  should  Jam  or  be  out  of  sequence.  It 
would  be  detected  Immediately  and  the  test  stopped  automatically  before  data 
were  collected. 
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Figure  5.  Typicel  Van  Interior 
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It  is  possible  to  set  up  a  single  condition  of  environment  and  to 
test  for  Interference  in  this  environment  at  a  sunclsnim  rate  of  about  one 
measurement  each  30  seconds.  The  entire  process  is  automatic. 

When  a  large  number  of  transmitters  are  grouped  into  a  small  area 
about  a  van,  it  is  necessary  to  assure  that  no  interactions  occur  between  the 
various  equipments  and  that  the  antenna  patterns  are  not  distorted  by  other  an¬ 
tennas  in  proximity.  Consequently,  a  study  has  been  performed  to  determine  to 
what  extent  transmitting  antennas  can  be  mounted  on  the  KG  van  and  what  minimum 
spacing  la  allowable  between  the  various  antennas.  As  a  result,  it  has  been  de¬ 
termined  that  all  equipment  can  be  located  within  a  few* hundred- foot  radius  of 
the  van.  The  van  contains  three  or  four  transmitters  with  their  associated 
antennas  mounted  on  the  roof.  All  other  transmitters  will  be  mounted  on  posts 
external  to  the  van.  These  sets  will  be  controlled,  modulated,  and  powered  by 
a  cable  which  connects  them  to  the  van. 

A  unit  called  a  control  box  has  been  designed  and  built  by  the  Bell 
Aerosystems  Conq>any  to  Incorporate  the  necessary  features  of  control  and  of 
automatic  performance  monitcring  in  each  military  transmitter.  By  using  a 
separate  unit,  it  is  necessary  to  make  only  a  slight  modification  to  the  trans¬ 
mitter  Itself  and  this  modification  can  readily  be  removed.  One  control  box 
is  required  for  each  transmitter  deployed  in  the  field.  The  control  box  ac¬ 
cepts  signals  decoded  from  the  IBM  card  reader  and  uses  them  to  key  its  associated 
transmitter  on  or  off.  Cables  from  the  van  connect  to  the  control  box  as  shown 
in  figure  6. 

The  control  box  also  oKinitors  the  rf  power  output  and  modulation 
levels  of  the  transmitter  and  compares  them  with  the  allowable  limits  which 
are  preset  into  the  box.  If  either  the  modulation  or  the  power  level  is  found 
to  be  outside  of  the  acceptable  limit,  the  transmitter  is  automatically  turned 
off  and  an  alarm  sounded  to  notify  the  operator  of  the  malfunction. 

The  BMlfunctlon  Inforawtion  is  also  automatically  recorded  on  the  IBM 
card  by  the  gang  susssary  punch  at  each  van.  In  this  way  a  record  is  maintained 
of  the  transmitters  which  were  actually  on  during  each  test,  as  well  as  of 
those  which  were  programed  to  come  on.  It  is  not  intended  to  stop  the  test  be¬ 
cause  of  the  Builfunction  of  one  or  more  environment  generators.  Rather,  it  is 
planned  to  analyze  the  results  based  on  the  environment  which  was  actually 
created  for  each  test. 

Each  control  box  is  installed  in  a  secure  wooden  shelter  adjacent  to 
the  transmitter  with  which  it  operates.  This  shelter  will;  (1)  provide  pro¬ 
tection  from  the  weather,  (2)  prevent  unauthorized  persons  from  tampering  with 
the  device,  and  (3)  act  as  a  shipping  carton  whenever  it  is  necessary  to  move 
the  equipment  to  a  new  location.  Each  shelter  is  fastened  to  a  pole  which  is 
firmly  eoibedded  In  the  ground  as  shown  in  figure  6. 

At  the  beginning  of  each  day  of  test,  each  shelter  door  will  be  un¬ 
locked  and  opened  to  allow  free  circulation  of  air  for  cooling.  Next,  each 
transmitter  will  be  set  to  the  frequency  desired  for  the  first  series  of  tests 
and  will  be  checked  for  proper  perfonrance.  Many  of  these  sets  are  designed 
for  use  at  either  of  two  power  levels  or  with  any  of  several  types  of  antennas. 

The  EG  van  operator  will  set  up  each  transmitter  to  the  desired  configuration. 

He  will  also  provide  the  necessary  ground  plane  to  simulate  either  vehicular 
or  personnel  mounting  of  the  equipment.  The  entire  facility  will  then  be  set 
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Figure  6.  Coutrol  Box  with  Cable*  Attached 
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up  to  represent  a  single  Instant  of  a  battle.  A  series  of  preplanned  autooatlc 
tests  will  then  be  conducted  to  establish  the  severity  of  Interference  for  this 
configuration  of  equipment  with  various  combinations  of  transmitters  on  and  off. 
The  IBM  709  computer  at  the  United  States  Army  Electronic  Proving  Ground,  Fort 
Huachuca,  Arizona,  will  be  used  to  analyze  data  collected  during  these  tests. 
Results  will  Indicate  which  transmitter  or  combination  of  transmitters  contribu¬ 
ted  to  the  Interference  at  each  receiver  under  test.  After  these  tests  have 
been  conq>leted,  additional  tests  would  probably  be  performed  with  all  trans¬ 
mitters  deployed  in  the  sa^ie  locations  but  with  different  frequency  asslgmnents 
or  other  variables  Inserted.  Finally,  the  desirable  tests  for  this  Instant  of 
the  battle  would  have  been  coaipleted. 

Next,  It  would  be  necessary  to  redeploy  the  equipment  to  represent  a 
new  battlefield  situation  and  then  to  run  additional  tests.  Generally,  It  will 
be  possible  to  do  this  by  moving  the  Individual  environment  generators  to  new 
positions  In  the  field  or  by  adding  and  deleting  certain  types  of  equlpsient. 
Occasionally  It  also  will  be  necessary  to  move  entire  environment  generator  vans 
to  new  locations.  The  facility  has  been  designed  wltb  this  In  mind  so  that  both 
the  vans  and  the  envlronsient  generators  can  be  moved,  as  required,  with  a  mini¬ 
mum  amount  of  lost  time. 

It  Is  not  Intended  to  test  for  Interference  In  real  time  but  rather 
to  do  so  In  a  series  of  static  steps  or  snapshots.  Such  a  scheme  Is  much  more 
workable  because  It  Is  thereby  much  more  simple  and  less  costly  to  record  the 
exact  conditions  under  which  the  data  were  collected. 

As  an  exasq>le,  assume  that  tests  are  to  be  conducted  to  determine  the 
Interference  effects  caused  by  a  battalion  of  tanks  advancing  through  an  or¬ 
ganization  of  Infantry  troops.  These  tests  could  be  accomplished  by  taking  all 
of  the  electronic  equipment  assigned  to  the  tanks  and  placing  It  at  one  of  the 
vans  toward  the  rear  of  the  corps  area.  After  the  desired  Interference  tests 
were  completed,  the  equipment  would  be  moved  Into  other  vans  progressively 
nearer  to  the  front  and  additional  tests  made  for  each  deployment.  Ultimately, 
complete  information  would  thus  be  obtained  to  determine  the  Interference  effects 
caused  by  the  battalion  of  tanks  at  any  point  during  Its  advance. 

To  Mlntaln  complete  realism  of  the  environment.  It  is  necessary  that 
each  piece  of  equipment  radiate  the  same  signals  that  It  would  In  combat.  This 
requires  that  all  communication  sets  be  modulated  in  the  usual  manner.  It  was 
also  established  that  for  maximum  realism  It  would  be  preferable  not  to  modulate 
several  radio  sets  from  a  common  signal  source.  A  multichannel  tape- loop  re¬ 
corder  (figure  7)  was  chosen  as  being  the  best  solution  to  the  problem.  It  al¬ 
lows  excellent  versatility  since  the  radio  sets  can  be  modulated  by  voice,  noise, 
tones,  babble  of  voices,  or  any  other  signal  which  may  be  desired  In  the  future. 
For  the  present,  all  transmitters  will  be  modulated  in  the  normal  manner.  The 
tape  unit  Is  capable  of  supplying  a  aiaxlmua  of  50  modulation  signals  simul¬ 
taneously.  Some  of  these  signals  are  obtained  by  staggering  heads  at  different 
points  along  the  tape  loop.  Consequently,  one  track  on  the  tape  can  be  used  to 
generate  several  messages.  Obviously  all  such  messages  generated  from  a  single 
track  on  the  tape  are  Identical  but  each  Is  delayed  several  seconds  with  respect 
to  the  other  and  can  thus  be  considered  as  Independent.  The  tape  message  con¬ 
tains  station  Identification  information  and  each  transmitter  Is  thereby  operated 
In  accordance  with  military  and  Federal  Communications  Commission  regulations. 

Each  EG  van  contains  both  a  primary  and  an  emergency  communication 
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system.  The  prlsuiry  derice  is  a  field  telephone  connected  by  a  wire  to  the 
Forward  Test  Site.  The  secondary  system.  Intended  for  emergency  use  only, 
consists  of  a  monitor  receiver  tuned  to  the  emergency  channel  frequency  and 
of  a  separate  military  transceiver  which  can  be  operated  In  the  conventional 
manner.  This  transceiver  Is  also  used  as  an  environment  generator  and  cannot 
therefore  be  used  as  a  monitor  receiver.  It  Is  for  this  reason  that  a  sepa¬ 
rate  monitor  receiver  Is  Installed  In  each  EC  van. 

After  the  Initial  setup,  the  operation  of  each  environment  genera¬ 
tor  van  Is  completely  autosMtlc.  Two  men  are  assigned  to  each  of  the  24  EC 
vans.  Stated  differently,  less  than  100  men  are  required  to  operate  a  facility 
which  simulates  the  simultaneous  operation  of  up  to  12,000  transmitting  de¬ 
vices.  Furthermore,  this  is  done  by  automatic  methods  so  that  there  is  much 
less  chance  of  husian  errors  affecting  the  test  results. 


V.  xaST  SITES 

Two  test  sites  are  provided  in  the  division  area.  (See  figures  8 
and  9.)  All  testa  for  Interference  will  be  made  In  one  of  these  areas.  It 
Is,  therefore,  at  these  two  sites  that  It  Is  Intended  to  maintain  an  accurate 
electromagnetic  environment.  In  the  future  It  Is  planned  to  add  two  additional 
test  sites  In  the  corps  area  to  test  for  Interference  in  equipment  normally 
assigned  at  the  corps  level. 

The  entire  environment  %rlll  be  controlled  over  wire  lines  from  the 
Forward  Test  Site.  Special  control  circuitry  has  been  devised  so  that  it  is 
possible  to  turn  off  all  transmitters  In  all  vans  by  use  of  two  switches  lo¬ 
cated  at  the  Forward  Test  Site.  This  feature  allows  the  entire  facility  to 
be  silenced  if  required  for  special  tests  or  if  there  Is  ever  any  reason  to 
believe  that  It  may  be  causing  Interference  In  any  civil  equipment  located 
near  the  test  facility.  Such  a  feature  permits  the  guilt  or  Innocence  of  the 
facility  to  be  determined  rapidly. 

Each  test  sice  also  contains  a  group  of  environment  generators  or 
transmitters  located  at  distances  of  up  Co  about  6,000  feet  from  the  test 
building.  These  units  are  operated  In  a  manner  Identical  to  those  at  an  EG 
van  except  that  it  Is  necessary  at  the  test  site  to  deploy  the  sets  at  greater 
range.  This  Is  true  since  at  the  test  site  these  sets  must  be  deployed  In  about 
the  same  position  as  In  combat  to  assure  that  the  proper  signal  levels  are 
maintained  at  the  test  point. 

Each  test  site  contains  at  least  one  of  every  comoion  type  of  communi¬ 
cation  receiver  currently  in  use  by  the  Army.  To  test  for  Interference  a  test 
link  is  set  up.  This  test  link  consists  of  a  test  transmitter  which  can  be 
positioned  at  any  EG  van  or  at  either  test  site  and  Is  used  to  radiate  the  test 
signal  to  the  receiver  under  test.  Thus,  a  test  link  Is  set  up  for  evaluation. 
Any  environment  generator  can  be  used  as  a  test  transmitter  by  applying  a  spe¬ 
cial  test  signal  to  It  for  modulation. 


VI.  INTERFEREWCE  ANALYSIS 

Next,  let  us  consider  how  to  determine  and  record  the  amount  of  Inter¬ 
ference  encountered  by  these  test  links.  Since  the  prime  consideration  in  Che 
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Figure  8.  Forverd  Test  Site  Shelter 
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Figure  9.  Control  Equlpnient  Initelled  la  Forwerd  Teat  Site  Shelter 
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transmission  of  any  siessage  is  intelligibility,  it  is  this  parameter  which  will 
be  measured. 

The  desirability  of  making  such  an  intelligibility  measuresient  was  rec¬ 
ognized  several  years  ago  by  the  United  States  Army  Signal  Research  and  Develop¬ 
ment  Laboratory  and,  as  a  result,  several  study  and  development  programs  were 
initiated.  One  of  these  programs  was  the  development  by  the  General  Electronic 
Laboratories  (GEL),  under  Signal  Corps  contract,  of  an  instrument  known  as  the 
Speech  Systems  Test  Set,  or  Licklider  Hachine.  Its  purpose  is  to  measure  the 
loss  of  information  through  a  speech  communication  system  caused  by  interference, 
noise,  insufficient  bandwidth,  or  any  other  characteristic  which  siay  serve  to 
degrade  the  intelligibility  of  the  desired  message.  In  essence,  the  Speech  Sys¬ 
tems  Test  Set  is  a  standard  listener,  providing  an  objective  and  repeatable 
analysis  of  the  voice  message,  so  difficult  to  obtain  with  a  subjective  human 
listener. 


The  Speech  Systems  Test  Set  is  a  relatively  sophisticated  system  and 
provides  somewhat  more  capability  than  is  required  for  a  field  device.  After 
a  discussion  with  engineers  at  General  Electronic  Laboratories,  it  was  con¬ 
cluded  that  a  simplified  version  of  this  equipment  would  be  suitable  for  our 
purpose  and  would  provide  rapid  and  accurate  assessment  of  speech  coimBunlcatlon 
systems  in  the  field.  This  assessment  is  made  at  the  output  of  each  receiver 
under  test  by  utilizing  a  standard  test  smssage  of  such  duration  that  the  inter¬ 
ference  effects  of  any  given  environment  can  be  completely  determined  within  a 
30- second  Interval.  In  this  way  the  interference  effects  of  roughly  1,000  dif¬ 
ferent  conditions  of  environment  can  be  determined  in  an  8- hour  day. 

Ten  of  these  devices  are  being  built  for  the  facility. 

For  proper  operation  of  this  device,  a  special  test  message  consisting 
of  a  single  tone  is  transmitted  to  the  test  receiver.  At  the  output  of  the 
test  receiver,  this  tone  is  used  by  the  interference  analysis  equipment  to  ad¬ 
just  the  gain  of  the  signal  to  a  standard  level. 

Fsychcacoustic  theory  states  that  the  ability  of  a  system  to  transmit 
speech  intelligence  can  be  estimated  by  measuring  the  signal- to-noise  power  in 
each  of  several  equally  contributing  audiofrequency  bands.  In  the  system  being 
discussed,  the  normalized  signal  is  divided  into  14  audio  bands  in  accordance 
with  French  and  Steinberg's  theory.  The  db  value  of  the  signal- to- noise  ratio 
in  each  band  is  then  summed  to  provide  an  analog  voltage  proportional  to  articu¬ 
lation  index.  This  index  can  be  converted  to  word  score  by  means  of  a  standard 
curve.  To  complete  the  process,  the  output  signal  is  converted  into  digital 
form  suitable  to  be  recorded  by  being  punched  on  an  IBM  card. 

For  cw  and  radio- teletypewriter  applications,  where  the  information 
is  basically  digital,  the  Interference  detection  process  is  greatly  simplified 
and  consists  of  the  direct  comparison  of  the  received  message  with  the  standard 
message.  The  output  from  the  device  in  this  case  is  the  per  cent  of  characters 
correctly  received.  These  data  are  also  punched  on  an  IBM  card  for  permanent 
storage.  A  single  IBM  card  at  each  test  site  is  used  to  record  the  Interference 
results  for  all  test  receivers  at  that  site.  One  card  is  required  for  each  30- 
second  test. 

It  is  possible  to  test  up  to  13  test  links  for  interference  at  one 
time  since  there  are  13  independent  interference  detection  systesis  being  pro- 
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vided.  This  allows  a  large  Increase  in  the  rate  at  which  data  can  be  collected. 
Ten  of  these  devices  will  be  for  the  testing  of  voice-modulsted  systems,  and 
three  for  radio  teletypewriter  or  cw  equipment.  The  13  units  can  be  divided 
between  the  Forward  and  Rear  Test  Sites  in  any  desired  combination.  It  is  thus 
possible  to  determine  the  effects  of  the  environment  on  as  many  as  13  types  of 
military  receivers  during  a  single  set  of  tests. 

Both  of  the  interference  detection  schemes  described  are  versatile 
in  that  they  can  operate  with  any  communication  system  which  uses  the  same 
type  of  transmission.  Consequently,  their  use  is  not  limited  to  a  few  presently 
existing  types  of  receivers  but  rather  they  can  be  readily  adjusted  to  function 
with  any  new  communication  set  which  the  Army  may  want  to  test.  As  a  result, 
it  is  a  simple  matter  to  test  any  new  developmental  comomnicatloa  device  and 
to  determine  its  ability  to  operate  under  the  electromagnetic  conditions  of 
combat. 


VII.  PROGRAMmS  AMP  DATA  AMALYSIS 

Next  let  us  consider  the  programing  and  data  analysis  aspects  of  the 
facility.  To  review,  you  will  recall  that  it  was  stated  earlier  that  IBM 
punched  cards  are  used  to  control  the  environment,  and  that  any  configuration 
of  transmitters  can  be  turned  on  for  any  test.  The  only  requirement  is  that 
the  programing  scheme  must  be  preplanned  and  all  cards  punched  in  advance  of 
the  test. 


Therefore,  it  is  possible  to  establish  the  traffic  density  under  which' 
each  set  would  be  operated  during  combat  conditions,  and  from  such  information 
to  generate  a  series  of  typical  configurations  of  activated  transmitters.  It 
may  be  found  desirable  to  use  such  a  plan  for  certain  tests,  but  presently  it 
is  believed  that  interference  data  can  be  obtained  much  more  rapidly  by  the  use 
of  a  systematic,  rather  than  a  realistic,  program  plan. 

With  the  systematic  approach,  all  environment  generators  could  first 
be  turned  off  and  the  intelligibility  of  each  test  link  measured.  For  the  next 
test,  all  environment  generators  could  be  turned  on  and  the  reduction  in  intel¬ 
ligibility  noted  for  each  test  link.  If  nc  loss  occurred,  it  would  have  been 
established  that  no  interference  was  encountered  and  tba':  no  transmitter  or  com¬ 
bination  of  transmitters  for  that  particular  frequency  assignment  and  deployment 
would  cause  interference.  The  test  would  therefore  be  completed. 

If,  on  the  other  hand,  interference  were  discovered  during  the  initial 
test,  the  next  step  would  be  to  schedule  the  environment  producing  transmitters 
in  such  a  manner  as  to  allow  the  transmitter  or  group  of  transmitters  causing 
trouble  to  be  isolated. 

To  accomplish  this  the  environment  generators  are  turned  on  successively 
in  accordance  with  one  or  more  of  Che  following: 

(1)  Tables  of  balanced  lattice  squares.  These  have  Che  characteris¬ 
tics  that  all  pairs  are  produced,  but  each  pair  appears  in  only 
one  test. 

(2)  Tables  with  redundancies  to  create  all  pairs  and/or  triples.  These 
have  the  characteristic  that  the  unique  pairs  in  the  lattice 
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square  will  appear  in  at  least  two  tests. 

(3)  Schedules  to  test  the  effect  of  each  transmitter  separately. 
Although  this  is  not  efficient  in  terms  of  test  tisw,  it  will 
nevertheless  be  used  in  some  cases  due  to  the  straight-forward 
nature  of  the  data  obtained  by  this  means. 

It  is  quite  possible  that  a  combination  of  transmitters  may  be  re¬ 
quired  to  create  an  interference  condition;  for  exaatple,  where  certain  of 
their  harmonics  beat  together  and  form  intermodulation  products  which  are 
within  the  passband  of  the  test  receiver.  It  is  doubtful  if  multiples  greater 
than  triples  will  be  of  any  consequence.  The  lattice  square  and  redundant 
tables  together  with  the  data  reduction  logic  should  allow  isolation  of  the 
BG's  causing  the  condition. 

It  is  planned  to  use  the  IBM  709  computer  available  at  the  United 
States  Army  Electronic  Proving  Ground,  at  Fort  Huachuca,  Arizona,  both  to 
generate  the  Environmental  Generators  "On-Off"  schedule  used  to  program  the 
environment  and  also  to  analyze  the  data  obtained  during  field  tests.  After 
the  combinations  of  equipment  which  cause  interference  have  thus  been  isolated, 
they  can  be  brought  into  the  laboratory,  if  desired,  to  be  analyzed  for  the 
purpose  of  determining  why  they  caused  Interference,  and,  perhaps  to  recommend 
a  solution  to  the  problem. 

The  facility  will  be  useful  in  studying  and  evaluating:  (1)  suggested 
changes  to  the  present  method  for  assigning  frequencies;  (2)  recosnended  swdlfi- 
catlons  to  present  day  hardware;  (3)  proposed  change  to  the  conditions  under 
which  specific  equipment  can  be  best  utilized;  and  (4)  new  equipments  now  under 
development  from  the  Interference  standpoint. 


VIII .  ELECTROMAGMETIC  MCatlTORIMG 

There  are  two  primary  requireswnts  in  this  facility  for  electromag¬ 
netic  monitoring.  The  first  is  to  assure  that  no  unauthorized  signals  are 
radiated  from  the  facility.  The  second  is  the  need  to  collect  information  on 
signals  which  are  generated  outside  the  facility  and  which  cause  interference 
in  our  test  links. 

For  these  purposes,  five  frequency  monitoring  vans  are  being  built. 
Four  of  these  vans  will  be  stationed  about  the  perimeter  of  the  test  facility 
(figure  10).  The  fifth  van  will  be  available  far  use  at  any  point  within  the 
facility  for  detailed  analysis  of  the  rf  spectrum  or  for  special  tests. 


IX.  IHTERFEREWCE  PREDICTIOR  MODEL 

In  parallel  with  the  field  test  facility,  Bell  Aerosystems  Company 
is  also  developing  an  Interference  prediction  model  which  consists  of  a  series 
of  equations  to  describe  the  complex  electromagnetic  environment  and  its  ef¬ 
fect  upon  the  device  under  test.  In  other  words,  if  all  of  the  factors  caus¬ 
ing  Interference  such  as  transmitter  characteristics,  amteorological  and  terrain 
conditions,  and  receiver  characteristics  can  be  expressed  mathematically  with 
sufficient  accuracy,  it  should  then  be  possible  to  calculate  the  amount  and 
type  of  Interference  which  would  be  expected. 
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Figure  10.  Periphery  Frequency  Monitoring  Van 
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InterferAnce  results  taken  frcao  the  field  facility  are  being  used 
to  validate  the  prediction  model.  Later  tbe  model  will  be  used  to  modify  the 
field  test  results  so  that  they  ex;...e8a  »hat  the  situation  would  have  been  if 
the  tests  bad  been  made,  f  .  eKsmple,  1^  the  tropics  or  Alaska,  or  under  other 
different  conditions  juch  as  cha2<;;es  in  weather.  Thus  it  is  seen  that  the 
mathematical  and  the  field  teat  approaches  are  intended  to  complement  each 
other  and  that  neither  can  accomplish  the  entire  task  without  the  other. 


PLAHa  FOR  E?  fANSIOM 

It  is  not  intended  to  imply  that  sll  of  the  Army's  Interference  prob¬ 
lems  ca<-  he  solved  vlchin  the  nrescnt  rscillty.  Mt^ny  types  of  expansion  are 
possible  and  Si.  dies  and  tots  being  mad'  at  present  will  c^sist  in  determining 
whlc^  ar?  needed  moe  ,or  example,  soncornmunicatlon  equipment  such  as  radars 
might  be  added  to  tue  envlrot-ment .  Equip;  ant  from  other  branches  of  the  mili¬ 
tary  used  In  support  of  the  Army  ...  .ght  atso  be  added.  This  would  include  Air 
Force  and  Navy  devices.  To  go  further  one  might  add  units  used  by  our  allies 
or  even  the  enemy  tr  get  a  more  complete  re-creation  of  the  tactical  situation. 
Another  possxSllity  c.8  that  of  expandlzig  to  an  army- size  environment  consisting 
of  three  complete  corps  plus  the  rea"  'trmy  area. 

It  may  also  be  desirable  to  add  the  effects  u.  the  human  operator 
dur..ag  I'fture  tests.  Tests  with  the  present  facility  are  aimed  toward  the  in¬ 
vestigation  of  equipment  prcblems  only.  It  is  rer.Lzed  that  human  effects  also 
contribute  to  the  problem.  It  be  determined  also  that  it  would  be  desirable 
tc  establish  an  airborne  test  site  for  the  investigation  of  drone  and  aircraft 
interference  problems  in  more  detail. 

It  will  further,  of  course,  be  necessary  to  modernize  the  range  to 
incorporate  new  items  of  equipment  as  they  are  made  available.  This  will  be  a 
continual  process. 

It  Is  not  Inteuded  to  infer  that  the  present  facility  without  the 
previously  mentioned  features  of  expansion  is  of  little  value.  On  the  contrary, 
it  will  be  capable  of  Investigating  and  solving  a  vast  number  of  Interference 
problems. 


The  present  program  is  ecseutx  Jly  on  schedule.  The  facility  has  been 
designed  with  the  need  for  expansion  in  mind.  It  is  therefore  possible  to  modify 
or  expand  it,  as  is  later  found  Co  be  desirable,  with  little  duplication  of  time 
or  money. 
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THE  COHPblER  APPROACH  TO  THE  INTERFERENCE- PREDICTION  MODEL 
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J.  B.  Scott 

Bell  Aerosystems  Company 
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Abstract. --This  paper  describes  the  computer  program  as  related  to  the  Inter¬ 
ference-prediction  model  of  the  Electromagnetic  Environmental  Test  Facility. 
The  required  data,  the  flow  of  data  through  the  computer,  and  the  underlying 
electrical  and  mathematical  concepts  of  the  mathematical  model  are  discussed. 


I.  INTRODDCTION 


An  Army  corps  contains  approximately  15,000  devices  that  radiate  elec¬ 
tromagnetic  energy.  These  radiators  are  deployed  in  an  area  approximately  40 
miles  wide  and  60  miles  long.  Investigation  of  the  electromagnetic  environment 
produced  by  these  radiators  requires  that  each  radiator  be  individually  examined 
for  Its  effect  upon  the  environment.  Examination  of  15,000  or  more  items  by  man¬ 
ual  techniques  for  even  a  simple  yes-no  answer  would  be  a  tremendous  chore.  An 
Interference-prediction  model  capable  of  considering  the  effects  of  many  emitters 
must  therefore  be  computer  mechanized. 


II.  THE  COMPUTER  PROGRAM 

The  IBM  709  data  processing  system  at  Fort  Huachuca  is  Ideally  suited 
to  simulate  a  complex  electromagnetic  environment.  The  speed  of  the  system,  with 
Its  flexible  Input-output  devices  and  magnetic  tape  storage,  imposes  no  practical 
limitation  on  the  simulation  program.  The  modular  concept  of  the  factors  Influ¬ 
encing  an  electromagnetic  environment  readily  lends  Itself  to  computer  simulation 
techniques.  Various  physical  factors  are  Isolated,  described  mathematically,  and 
simulated.  The  program,  following  the  modular  concept,  is  written  as  a  series  of 
suoroutlnes  controlled  by  a  master  program  which  calls  for  each  subroutine  In  the 
proper  sequence.  There  is  necessarily  some  Interaction  between  subroutines. 

Each  subroutine,  however,  is  designed  to  simulate  a  particular  portion  of  the  en¬ 
vironment  that.  Insofar  as  possible,  can  be  Isolated  from  other  portions.  As 
equations  are  developed  which  more  accurately  represent  various  physical  phe¬ 
nomena,  it  Is  necessary  to  modify  or  rewrite  only  tjhose  subroutines  that  are 
affected  and  thus  leave  the  major  portion  of  the  program  undisturbed. 

The  computer  program  Is  designed  to  use  the  "snapshot"  concept.  A 
particular  environmental  situation  defined  by  a  given  set  of  parameters  Is  called 
a  snapshot.  One  pass  through  the  program  will  provide  a  numerical  environment 
evaluation  based  on  one  given  set  of  parameters.  The  program  can  be  run  on  a 
snapshot-by-snapshot  basis  or  can  be  run  continuously  to  provide  a  sequence  of 
environment  snapshots.  When  run  continuously,  a  dynamic  situation  can  be  repre¬ 
sented  If  the  snapshots  are  considered  to  be  separated  by  an  increment  of  time, 
and  if  one  or  more  of  the  parameters  are  varied  from  one  snapshot  to  the  next. 
Figure  1  is  a  block  diagram  showing  the  sequence  of  events  that  occur  during  the 
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Figure  1.  Data  Flow,  Block  Diagram 


running  of  the  program.  A  description  of  the  function  of  each  block  in  the  diagram 
follows: 


Interference  Control  (Block  1) 

The  interference  control  block  represents  the  housekeeping  necessary 
to  operate  the  system  and  the  comparisons  necessary  to  eliminate  most  of  the 
transmitters  that  do  not  contribute  to  the  interfering  environment.  The  opera¬ 
tions  and  decisions  in  the  order  in  which  they  occur  are  as  follows: 

1.  A  receiver  is  chosen  from  the  environment  and  data  concerning  its 
location,  assigned  frequency,  antenna  type,  and  antenna  orientation  are  stored 
in  the  computer  memory. 

2,  A  search  is  conducted  on  a  file  of  permanent  receiver  spectrum 
signature  data  pertaining  to  that  particular  type  of  receiver.  When  found, 
this  information  is  stored  in  the  memory  of  the  computer.  It  consists  of 
measured  receiver  characteristics  such  as  frequencies  acceptable  to  the  receiver, 
selectivity,  and  sensitivity.  Frequencies  acceptable  to  the  receiver  and  sensi¬ 
tivity  levels  of  these  frequencies  are  represented  in  the  computer  in  the  form 
of  a  table  of  acceptable  frequencies  and  corresponding  relative  sensitivity 
values.  This  table  will  be  called  the  F  table.  Frequencies  in  the  F  table  are 
those  representing  spurious  responses  and  Intermodulation  characteristics  of  the 
receiver.  They  have  been  obtained  from  actual  measurements  made  on  the  various 
receivers  of  Interest.  Predictions  of  spurious  response  frequencies  and  inter- 
modulation  frequencies  are  calculated  from  the  following  expressions.  Relative 
sensitivity  values  are  those  that  have  been  measured. 

Spurious  response 

Pflo  ±  fif 

“  q 

Intermodulation 

ft  =  fi  -  f2 
ft  =  2fj  -  f2 

ft  =  3fi  -  2f2 

where 

fg  is  a  spurious  response  acceptable  to  the  receiver, 
fjp  is  the  local  oscillator  frequency, 
fj^£  is  the  if.  frequency, 

p  Is  a  positive  integer  or  zero  denoting  the  harmonic  order 
of  the  local  oscillator. 


835 


q  Is  a  non-zero  Integer  denoting  the  harmonic  order  of  the  In¬ 
put  signal, 

fj.  is  the  tuned  frequency. 


and 


f]^  and  £2  are  Interfering  signal  frequencies. 


The  existence  of  cochannel  and  adjacent  channel  Interference  is  deter¬ 
mined  from  Information  contained  in  the  file  of  permanent  receiver  data.  Assuming 
a  rectangular  if.  pass  band,  the  band  width,/,  is  given  and  the  corresponding 
adjacent  channel  attenuation  is  given.  Signals  whose  frequencies,  f,  are  such  that 


2 


1  fS 


present  the  possibility  of  cochannel  Interference  and  signals  whose  frequencies 
are  such  that: 

3  .  / 

k+f,.+-d>f>ft+-  +  k 
t  2  2 

or 

-k  +  ft--J<f<ft---k 
2  2 

where  k>  0  takes  into  account  guard  bands  between  channels,  present  the  possi¬ 
bility  of  adjacent  channel  interference.  These  frequency  ranges  and  corresponding 
sensitivity  values  are  stored  in  the  F  table  to  be  used  later  in  the  program  to 
determine  signal  power  level  required  to  interfere  with  the  receiver  at  that  fre¬ 
quency. 


3.  A  transmitter  is  chosen  from  the  environment  and  data  concerning 
its  location,  assigned  frequency,  antenna  type,  and  antenna  orientation  are 
stored  in  the  computer  memory. 

4.  A  search  is  conducted  on  a  permanent  transmitter  spectrum  signature 
file  to  locate  the  data  corresponding  to  that  particular  type  of  transmitter. 

Each  frequency  with  associated  power  level  can  now  be  considered  as  a  monofrequency 
transmitter.  And,  for  simulation  purposes,  an  actual  transmitter  is  represented 
by  its  spectrum  signature  data  as  a  composite  of  many  monofrequency  transmitters. 

5.  When  the  desired  transmitter  spectrum  signature  has  been  located 
in  the  file,  the  frequency  of  each  monofrequency  transmitter  is  compared  against 
each  fg  (that  is,  spurious  response)  element  in  the  F  table.  If  no  F  table 
elements  match  the  transmitted  frequencies,  the  transmitter  is  discarded  and 
another  transmitter  is  chosen  from  the  environment  and  steps  3,  4,  and  5  of  this 
section  are  repeated  until  all  transmitters  have  been  examined.  If  an  F  table 
element  matches  the  transmitted  frequency,  there  exists  the  possibility  of  an 
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interfering  signal  and  a  further  investigation  must  be  made.  This  investigation 
is  described  by  blocks  2  through  11  of  figure  1.  When  all  transmitters  in  the 
environment  have  been  investigated,  another  receiver  is  chosen  from  the  environ¬ 
ment  and  steps  1  through  5  are  repeated  until  all  receivers  have  been  investigated. 

Antenna  Mismatch  and  Terminal  Loss  (Block  2) 

At  this  point  in  the  program  a  match  has  been  found  between  an  element 
in  the  F  table  and  a  transmitter  frequency.  It  is  now  necessary  to  examine  the 
power  output  of  the  transmitter  at  this  frequency  and  to  modify  it  by  appropriate 
loss  factors  before  assessing  its  contribution  to  the  electromagnetic  environment 
at  the  receiver  site. 

The  first  modification  to  the  transmitter  power  output  is  called 
"antenna  mismatch  and  terminal  loss,"  since  it  results  from  antenna  cable 
loss  and  impedance  mismatch.  This  modification  to  the  output  power  is  neces¬ 
sary  since  many  spectrum  signature  measurements  are  made  into  a  resistive  load. 

If  the  antenna  and  transmitter  are  matched  at  the  fundamental  frequency,  then 
measurement  of  the  fundamental  into  a  resistive  load  is  quite  realistic.  How¬ 
ever,  a  mismatch  occurs  at  other  frequencies,  namely  harmonics  of  the  fundamental, 
so  that  if  measurements  of  power  at  those  frequencies  are  made  into  a  resistive 
load,  an  unrealistic  power  output  is  reported. 

A  search  is  conducted  on  a  file  of  antenna  Information  to  determine  the 
terminal  power  loss.  This  Information  is  stored  in  the  form  of  a  four-dimensional 
matrix  of  which  the  dimensions  represent  type  of  equipment,  type  of  antenna,  har¬ 
monic,  and  measured  power  loss.  When  the  power  loss  has  been  located  for  both 
transmitter  and  receiver  antennas,  these  numbers  are  subtracted  from  the  trans¬ 
mitter  power  output  to  provide  a  more  realistic  power  input  to  the  antenna  termi¬ 
nals. 

Antenna  Pattern  Loss  (Block  3) 

This  portion  of  the  program  accounts  for  the  loss  of  power  due  to  the 
transmitter  and  receiver  antennas.  The  term  "loss"  will  be  used  in  most  cases 
throughout  this  paper  to  represent  a  change  in  the  transmitter  power  output,  it 
being  understood  that  the  quantity  may  be  negative,  thus  representing  a  gain  in 
power . 


A  search  is  conducted  on  an  antenna  pattern  file  to  find  the  antenna 
pattern  information  associiated  with  both  the  transmitter  and  receiver  antenna. 
This  information  has  been  compiled  as  the  result  of  field  measurements  and  ap¬ 
pears  in  the  form  of  a  three-dimensional  array  of  elements  whose  dimensions  are 
azimuth  angle,  elevation  angle,  and  loss.  When  the  correct  antenna  pattern  loss 
information  has  been  extracted  from  the  file,  the  angles  that  determine  the 
orientation  of  the  transmitter  and  receiver  antennas  are  calculated  and  the  an¬ 
tenna  pattern  loss  factor  is  extracted  from  the  array  of  elements  and  subtracted 
from  the  transmitter  power  output. 

Free  Space  Propagation  Loss  and  Comparison  with  Receiver  Sensitivity  (Blocks  4 
and  5) 


Computation  of  propagation  path  loss  for  the  EMETF  prediction  model  is 
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based  on  the  free- space  equation  modified  to  account  for  the  effect  of  the  earth 
and  Its  atmosphere.  Provision  Is  also  made  to  account  for  the  effects  of  terrain, 
vegetation,  meteorology,  and  other  factors.  Symbolically,  the  ratio  of  power  re¬ 
ceived,  Pj.,  to  power  transmitted,  Pj-,  can  be  expressed  as: 


f'ree- space 
factor 


Spherical  earth 
(correction  facto: 


J-t 


Terrain 

factor 


Additional 

factors 


The  free- space  factor  Is  given  by: 


A 

4nd 


where  A  Is  the  wave  length  of  the  transmitted  signal  and  d  Is  the  distance  be¬ 
tween  transmitter  and  receiver.  Neglecting,  for  the  moment,  such  phenomena  as 
tropospheric  scatter,  the  maximum  theoretical  power,  that  could  be  expected 
to  be  received  at  a  receiver  site  from  any  given  transmitter  would  be 


which  occurs  under  llne-of-alght  conditions  when  the  wave  reflected  from  the 
earth's  surface  reinforces  the  direct  wave.  P^j  thus  serves  as  a  criterion  for 
eliminating  many  potentially  Interfering  signals  from  further  analysis.  A 
description  of  this  process  follows: 


At  this  point  In  the  computer  program  a  signal  has  been  found  that  Is 
a  possible  source  of  Interference  to  the  receiver  under  consideration.  The 
power  level  of  the  signal  has  been  modified  by  the  antenna  terminal  loss  and  the 
antenna  pattern  loss.  In  the  process  of  finding  the  signal,  many  transmitted 
signals  have  been  discarded  by  the  F  table  comparison  process.  Kllmlnatlon  of 
the  signals  from  further  analysis  greatly  reduces  the  time  required  to  process 
a  problem.  A  further  reduction  of  the  number  of  transmitted  signals  of  no  In¬ 
terest  Is  accomplished  by  calculating  and  comparing  this  value  with  the  sen¬ 
sitivity  of  the  receiver  to  the  power  level  of  the  signal  under  consideration. 
This  comparison  is  accomplished  by  searching  the  F  table  for  the  frequency 
corresponding  to  the  frequency  of  the  signal  under  consideration  and  comparing 
the  associated  measured  sensitivity  level  with  P^,.  If  Pjjj  Is  greater  than  this 
sensitivity  level,  the  transmitted  signal  must  be  further  analyzed.  If  Pj^  Is 
less  than  the  measured  sensitivity  of  this  receiver  to  the  frequency  under  con¬ 
sideration,  the  signal  Is  discarded  as  being  of  no  interest  and  another  signal 
Is  chosen  tor  analysis. 

Loss  Due  to  Spherical  Earth  (Block  6) 


The  calculations  involved  In  the  spherical-earth  correction  factor  to 
the  free-space  path  loss  factor  are  quite  lengthy  and  a  detailed  development  will 
not  be  presented  in  this  paper.  The  reader  is  referred  to  Burrows  and  Attwood,^ 
the  National  Bureau  of  Standards,^  Kerr,^  or  Hoehn^  for  the  development  of  this 
theory . 
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Two  interference  regions  are  presumed;  an  optical  interference  region 
and  a  diffraction  region.  The  optical  interference  region  is  characterized  by 
line-of-sight  calculations.  The  spherical-earth  correction  factor  to  the  free- 
space  path  loss  factor  is  given  by: 

a2  =  (1  -  K)^  +  4K  sln^ 


where 

A  is  the  spherical  earth  correction  factor, 

K  =  (ID, 

Jl=  6+0  -  TT, 

p &nd  0  are  the  modulus  and  angle  of  the  reflection  coefficient, 

R  =  ()exp(J0), 

D  is  the  divergence  factor  Introduced  to  account  for  the  decreased 
gain  produced  by  the  spreading  of  a  wave  reflected  from  a 
spherical  surface, 

and 

6  is  the  phase  retardation  caused  by  the  fact  that  the  path  length 
of  the  reflected  wave  is  longer  than  the  path  length  of  the 
direct  wave. 

It  will  be  noted  from  the  theory  that  these  parameters  are  functions 
of  basic  electrical  quantities  such  as  the  dielectric  constant  of  the  earth,  the 
v;ave  length  of  the  propagated  wave,  the  ground  conductivity,  and  the  refractive 
gradient  of  the  earth's  atmosphere. 


The  diffraction  region  is  characterized  by  beyond  line-of-sight  calcu¬ 
lations.  The  correction  for  the  presence  of  the  earth  in  the  diffraction  region 
involves  the  calculation  of  a  modified  single  mode  of  the  van  der  Pol-Bremmer 
expression  for  propagation  over  a  finite,  spherical  earth. 


This  spherical-earth  correction  factor  can  be  expressed  as: 
a2  =  r2Ai  Fs  Ht  Hr]^ 


where  Aj^  accounts  for  imperfect  conductivity  of  the  earth,  Fg  accounts  for  the 
screening  effect  caused  by  the  spherical  shape  of  the  earth,  and  and  Hr  account 
for  height  effects  associated  with  the  transmitter  and  receiver  antenna,  respec¬ 
tively.  A^  in  this  case,  as  with  the  previous  A^ ,  is  a  function  of  the  same  basic 
electrical  Quantities. 


At  this  point  in  the  program,  the  strength  of  the  signals  that  have 
not  been  eliminated  by  the  F  table  comparison  tests  or  the  Pj^  receiver  sensi¬ 
tivity  test  are  further  modified  by  the  spherical-earth  correction  factor.  This 
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requires  that  a  test  be  conducted  to  determine  if  the  receiver  lies  in  the  optical 
Interference  region  or  in  the  diffraction  region.  If  the  receiver  lies  in  the 
optical  Interference  region,  the  optical  spherical  earth  correction  factor  is 
evaluated  and  applied  to  the  transmitted  signal  strength.  If  the  receiver  lies 
in  the  diffraction  region,  the  diffraction  spherical-earth  correction  factor  is 
evaluated  and  applied  to  the  transmitted  signal  strength. 

TliO  existence  of  a  test  implies  that  a  criterion  has  been  established 
to  determine  the  outcome.  Comparisons  of  field  test  results  with  calculated 
data  indicate  that  a  high  correlation  results  when  optical  Interference  region 
calculations  are  used  up  to  the  first  quadrature  point  and  when  diffraction  re¬ 
gion  calculations  are  used  beyond  the  first  quadrature  point.  Consequently,  the 
first  quadrature  point,  Dq,  has  been  chosen  as  the  dividing  line  between  the  op¬ 
tical  and  diffraction  regions.  Mathematically,  the  expression  for  the  distance 
to  the  first  quadrature  point  is  given  by:^ 


where 

2 

(hj^  +  h2)  ha 

0(  =  -  _  and 

2hih2  y  h^  +  h2^ 

hi  is  the  transmitter  antenna  height,  h2  is  the  receiver  antenna  height,  A  is 
the  wave  length  of  the  transmitted  signal,  and  a  is  the  radius  of  the  earth.  The 
factor  k,  when  multiplied  by  a,  provides  an  effective  earth's  radius  to  account 
for  the  effect  of  the  earth's  ataiosphere  on  the  radio  wave.  It  is  a  function  of 
the  gradient  of  the  index  of  refraction  of  the  atmosphere  and  is  given  by: 


1  +  a(dn/dh) 

where  dn/dh  is  the  gradient  of  the  index  of  refraction.  For  standard  atmosphere, 
the  gradient  is  given  by: 

dn/dh  =  -  (l/4a) 
so  that  k  =  4/3. 

The  physical  significance  of  Dq  can  be  seen  from  figure  2.  The  curve 
represents  path  loss  as  a  function  of  the  distance,  d,  from  the  transmitter  as 
calculated  by  the  optical  Interference  equations.  The  points  of  relative  maxi¬ 
mum  signal  strength,  Pi,  P2 ,  and  P3,  occur  when  the  reflected  wave  is  in  phase 
with  the  direct  wave.  The  points  of  least  relative  signal  strength.  Mi,  M2,  and 
M3,  occur  when  the  reflected  wave  Is  180  degrees  out  of  phase  with  the  direct 
wave.  In  a  manner  of  speaking,  it  may  be  said  that  a  period  of  the  function 
plotted  in  figure  2  occurs  between  Pi  and  P2,  between  P2  and  P3,  and  between 
P3  and  line  of  sight.  Dq ,  then,  is  the  point  90  degrees  beyond  the  beginning 
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Figure  2.  Determlaetion  of  Quadrature  Polat 


of  the  last  period  before  the  llne-of-slght  distance. 
Loss  Due  to  Terrain  and  Vegetation  (Blocks  7.  8.  and  9 


Data  are  being  compiled  and  field  tests  are  being  conducted  to  determine 
methods  of  predicting  the  effects  of  terrain  and  vegetation  on  path  loss.  Evi¬ 
dence  at  this  time  seems  to  indicate  that  the  best  method  for  handling  this  prob¬ 
lem  with  the  computer  will  be  to  store  data  on  magnetic  tape  in  matrix  form.  The 
stored  data  will  represent  path  loss  factors,  in  the  one  case  as  a  function  of 
frequency  and  terrain  type,  and  in  the  other  case  as  function  of  frequency  and 
vegetation.  Transmitted  signals  will  then  be  modified  by  information  contained 
on  the  magnetic  tape. 


In  some  cases,  it  will  be  desirable  to  perform  a  more  thorough  analysis 
on  path  loss  as  a  function  of  terrain.  Special  signals,  such  as  the  fundamental 
of  the  desired  transmitter,  will  be  subjected  to  this  analysis.  Preliminary 
test  results  indicate  that  calculations  based  on  the  equations  for  path  loss  as 
a  function  of  profile,  as  developed  by  A.  H.  LaGrone^  in  1960,  provide  good  cor¬ 
relation  with  experimental  field  tests.  This  equation  is  of  the  form: 


db 


+  /pn  ~  Vl|  + 
«:p(d^,o) 


+ 


exp(d2,o)  exp(d2,o) 


exp(di,o)J 


where 

c  is  an  experimentally- determined  constant, 

hjj  are  the  altitudes  at  all  relative  maxlmums  along  the  terrain  pro¬ 
file  between  the  transmitters  and  the  receiver  with  the  exception 
of  b,  which  is  the  altitude  of  the  relative  minimum  nearest  the 
receiver, 

and 

the  d^  o's  are  the  distances  from  the  receiver  to  points  on  the  pro¬ 
file  where  the  altitude  is  given  by: 

^‘n  ^n-  1 

2 

These  parameters  are  illustrated  in  figure  3. 

A  computer  subroutine  was  written  to  evaluate  this  equation  using,  as 
input,  a  matrix  of  stored  terrain  Information.  The  matrix,  called  an  altitude 
matrix,  consists  of  an  array  of  numbers  representing  altitudes  of  the  terrain  at 
predetermined  uniform  intervals  in  the  environment  being  studied.  Using  the  co¬ 
ordinates  of  the  transmitter  and  receiver,  and  the  altitude  matrix,  the  sub¬ 
routine  determines  the  terrain  profile,  provides  ail  maxlmums  and  mlnlmums  neces¬ 
sary  to  evaluate  LaGrone's  equation,  and  calculates  the  db  deviation  in  power  due 
to  terrain  characteristics. 
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Figure  3.  Terrain  Profile  Determination 


Corrections  of  the  LaGrone  type  may  be  expected  to  give  a  fairly  high 
degree  of  accuracy,  but  require  considerable  computation.  To  make  thousands  of 
computations  in  this  manner  would  require  excessive  computer  time  and  even  worse, 
excessive  preparation  of  data  for  the  computer.  Use  of  these  formulas  in  the 
EMETF  prediction  model  will  therefore  be  limited  to  important  transmissions  such 
as  those  within  the  test  link  and  those  from  high-powered  interfering  transmitters. 


Receiver  Function.  Scoring  Function,  and  Output  (Blocks  10  and  111 


Transmitted  signals  which  reach  this  portion  of  the  program  have  been 
modified  by  many  factors  such  as  antenna  factors,  fjree  space  factor,  spherical- 
ecith  correction  factors,  terrain,  and  vegetation  factors.  At  this  point  a 
tv-St  is  conducted  to  determine  if  the  signal  strength  is  sufficiently  strong  to 
interfere  with  the  receiver.  The  power  level  of  the  signal  is  again  compared 
with  the  corresponding  receiver  threshold-sensitivity  value  from  the  F  table. 

If  the  signal  strength  is  less  than  the  receiver  sensitivity,  the  signal  is  dis¬ 
carded,  a  new  transmitter  frequency  is  chosen,  and  the  complete  process  is  re¬ 
peated.  If  the  signal  strength  is  greater  than  the  receiver  sensitivity,  two 
things  occur:  signal  strength  and  transmitter-receiver  identifying  information 


is  printed  out  for  human  analysis  and  the  frequency  and  power  level  of  the  sig¬ 
nal  are  stored  in  the  computer  memory  to  be  used  in  an  Interference  scoring 
process^  when  all  signals  Interfering  with  a  particular  receiver  have  been  de- 


tennlned . 


-  84  3  - 


When  all  signals  affecting  a  particular  receiver  have  been  determined, 
one  more  test  is  required  before  presenting  these  signals  to  the  portion  of  the 
computer  program  which  simulates  the  demodulator  and  performs  the  scoring  func¬ 
tion.  This  test  is  necessary  tc  determine  if  the  receiver  has  been  saturated  due 
to  the  presence  of  the  desired  and  undeslred  signals.  The  saturation  level  is 
determined  from  measured  data  called  "d)mamlc  range"  which  is  recorded  to  give  an 
indication  of  receiver  behavior  between  the  standard  response  level  and  the 
limiting  response  level.  The  upper  limit  of  the  dynamic  range  is  considered  to 
be  the  saturation  point.  If  the  sum  of  the  power  input  to  the  receiver  exceeds 
the  saturation  point,  a  condition  of  complete  interference  is  assumed,  the  de¬ 
modulator  and  scoring  portion  of  the  program  is  omitted,  and  a  new  recelirer  is 
chosen  from  the  environment  for  analysis. 

If  the  saturation  point  has  not  been  exceeded,  the  signals  now  present 
in  the  if.  stage  of  the  receiver  are  presented  to  the  demodulator.  The  signals 
are  represented  as  a  sequence  of  functions  of  the  form: 

(<4jt  +  0o) 

(a\t  +  0i) 

+  0n) 

to  give  the  signal  as  received  by  the  demodulator.  The  signal  is 
function  of  the  form: 

cos  (a^£t  + 


Ajj  cos 

Aj  cos 

An  cos 

and  can  be  added 
represented  by  a 


This  expression  can  be  put  in  the  following  form:^ 

R  cos  (a?ot  +  9) 

2 

where  R  is  a  transcendental  function  composed  of  trigonometric  terms  which  are 
functions  of  time  and  9  is  the  arc  tangent  of  the  ratio  of  two  trigonometric 
functions  of  time. 


In  the  case  of  an  am.  receiver,  we  are  interested  in  R  for  linear  de- 
tectors  and  R^  for  square- law  detectors.  In  the  fm.  case,  we  are  interested  in 
d8/dt,  which  is  the  ratio  of  two  trigonometric  functions  of  time.  In  all  three 
cases,  we  want  the  output  of  the  detector  to  be  of  the  form: 


f(t)  =  Sg  +  aq  cos  pj^t  +  32  cos  P2t  +...+  Sp  cos  ppt 

(where  p  is  the  audio  angular  frequency)  so  that  spectral  information  can  be 
obtained  for  scoring  purposes.  R^  is  of  this  form.  R  and  d9/dt  can  be  put  in 
this  form  by  numerical  evaluation  of  the  Fourier  coefficients,  ag,  a^,  ...  ap. 

The  scoring  process  is  accompllsned  by  dividing  the  audio  spectrum 
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into  Increments  of  unequal  width  In  frequency,  but  each  of  which  contributes 
equally  to  the  intelligibility  according  to  the  French  and  Steinberg  theory. 
Signal- to-noise  ratio  in  each  band  is  computed  and  an  articulation  index  de¬ 
termined.^ 


Ill,  COMMENTS  ON  THE  COKPUTER  PROGRAM 

If  15,000  transmitters  were  operating  in  the  vicinity  of  a  receiver 
and  if  each  transmitter  were  emitting  a  minimum  of  10  signals,  in  essence  the 
effects  of  at  least  150,000  monofrequency  transmitters  would  have  to  be  inves¬ 
tigated.  If  each  investigation  required  but  one  minute  of  computer  time,  the 
needed  2,500  hours  of  computer  time  would,  I'm  afraid,  tax  even  the  resources 
of  IBM's  facilities,  to  say  nothing  of  the  taxpayers'  pocketbook.  For  this 
reason,  decision-making  procedures  have  been  incorporated  into  the  design  of 
the  computer  program  such  that  noninterfering  signals  are  detected  as  soon  as 
possible  and  immediately  discarded.  Only  signals  of  importance  are  subjected 
to  the  complete  analysis.  It  would  be  premature  at  this  time  to  publish  run¬ 
ning  times  of  the  program  since  enough  cases  have  not  been  tested  to  provide 
the  required  figures. 

It  is  readily  admitted  that  this  program  will  not  provide  the  solution  to  all 
radio  frequency  interference  problems.  As  more  knowledge  about  the  subject  becomes 
available,  and  as  methods  are  found  to  describe  the  knowledge  mathematically, 
changes  in  the  program  will  have  to  be  made.  More  and  more  people  are  beginning 
to  realize  that  making  changes  in  a  computer  program  of  this  complexity  can  be  a 
tremendous  task.  For  this  reason,  extreme  care  has  been  taken  to  write  the 
program  anticipating  the  need  for  change.  Every  step  in  the  prediction  process 
which  can  be  distinguished  from  others  has  been  written  as  a  closed  subroutine  such 
that  deletion  of  that  step  or  Insertion  of  another  step  requires  changing  only  a 
few  instructions  in  a  control  program  which  calls  for  each  subroutine  as  it  is 
needed.  Another  advantage  to  this  system  is  that  the  subroutines  can  be  separated 
from  the  main  program  and  used  as  separate  programs  when  it  is  desired  to  independ¬ 
ently  test  various  portions  of  the  prediction  model. 

Worthy  of  mention,  perhaps,  is  the  fact  that  construction  of  the  pre¬ 
diction  model  has  been  based,  whenever  possible,  on  measured  test  results. 

Transmitter  and  receiver  spectrum  signatures  are  used  to  simulate  transmitters 
and  to  determine  frequencies  acceptable  to  receivers,  antenna  pattern  measure¬ 
ments  and  terminal  loss  measurements  provide  the  basis  for  simulation  of  the 
antenna  function,  and  field  tests  to  determine  loss  due  to  terrain  and  vegeta¬ 
tion  provide  data  for  predicting  loss  due  to  these  factors.  Construction  of  a 
model  based  on  physical  reality  should  provide  the  much  desired  accuracy  required 
of  such  a  program.  On  the  other  hand,  results  of  the  program,  being  dependent 
on  measured  results  of  physical  parameters,  can  be  no  more  accurate  than  those 
physical  measurements. 
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RECENTLY  ISSUED  REPORTS 


Asa  contribution  towards  the  exchange  of  information  in  the  field 
of  radio  interference!  the  following  pages  contain  information  regarding 
recently  issued  RI  technical  reports.  The  referenced  reports  have  been 
issued  since  January  L  I960. 
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at  NASA  Missile  Test  Facil- 
ities,  Redstone  Arsenal, 
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AFC  Proj.  #  Unclasa.  SPECTRUM  UTILIZATION  7/6,0 
FC-05-  CHARA. /Transmitter, 

51-5j’1)  General  Electric  V036NR 
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AFC  Proj.  #  Unclass.  SPECTRUM  UTILIZATION  8/6I 

FC-05-  CHARA.  /Transmitter, 

(5362009)  UA6B 
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\.FC  Proj.  #  Unciass.  ANTENNA  CHARA. /UHF  7/61 
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AFC  Proj.  #  Conf.  SPECTRUM  UTILIZATION  2/61 

FC-05-  CHARA.  of  PROJECT 

(51-566)  MERCURY  Command  Receiver 
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AFC  Proj.  #  Conf.  FIELD  INTENSITY  SURVEY  of  12/60 

FC-05-  SWAMI  &  RADAR-EYE  at  Dyess 

(53-552)  Air  Force  Base,  Abiline,  Texas(U) 


Gilfillan  Model  88660-2  Tele¬ 
metry  Transmitter 
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AT  THE  627TH  ACWRON, 
CRYSTAL  SPRINGS,  MISS. 
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